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Abstract—Carbon partitioning from martensite into austenite in the quenching and partitioning (Q&P) process has been suggested to be controlled
by the constrained carbon equilibrium (CCE) criterion. It defines an approach for predicting the carbon concentration in austenite under the con-
dition that competing reactions such as carbide formation and bainite transformation are suppressed. Carbide precipitation in martensite is, however,
often observed during the partitioning step, even in low-carbon steels as well as in high-carbon steels, even when containing a high amount of Si.
Therefore, carbon partitioning from martensite into austenite is studied here, considering carbide precipitation in martensite. Carbon partitioning
was investigated by means of a field-emission electron probe micro analysis (FE-EPMA) and atom probe tomography (APT), using 1.07 wt.%
and 0.59 wt.% carbon steels with various martensite volume fractions. Carbon partitioning from martensite to austenite was clearly observed in
all specimens, even though a considerable amount of carbide precipitated inside the martensite. The austenite carbon concentration after the parti-
tioning step was not influenced by either the martensite volume fraction or the bulk carbon content. A modified model for predicting the austenite
carbon concentration after the partitioning step was proposed to explain the experimental results by assuming carbon equilibria between austenite,
ferrite and cementite under a constrained condition.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Quenching and partitioning (Q&P) steels yield an excel-
lent balance of high tensile strength and good elongation,
with chemical compositions similar to conventional TRIP
steels [1-4]. They are produced via the Q&P process, which
consists of a quenching and a following partitioning step.
During the quenching step, fully austenitized or intercriti-
cally annealed steels are quenched to temperatures
(hereafter referred to as “quench temperature”) below the
martensite start (M) temperature, but above the martensite
finish (My) temperature in order to form a controlled vol-
ume fraction of martensite. The quenched steels are then
held at temperatures the same as or higher than the quench
temperature during the subsequent partitioning step.
Austenite that prevails after quenching is considered to be
stabilized through carbon partitioning from martensite into
austenite during the partitioning treatment.

It has been suggested that the carbon partitioning from
martensite into austenite is controlled by the constrained
carbon equilibrium (CCE) criterion [5]. This criterion aims
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to predict the carbon concentration in austenite under the
condition where: (i) competing reactions, such as cementite
or transition carbide formation or bainite transformation,
are suppressed; (ii) an identical carbon chemical potential
exists in both ferrite (or martensite) and austenite; and
(iii) the carbon partitioning proceeds under the assumption
that the interface between ferrite and austenite does not
migrate. However, carbide precipitation in martensite is
often observed during the partitioning step, even in low-
carbon steels [6] as well as in high-carbon steels [7,8], even
if they contain a high amount of Si [9]. If carbide precipi-
tates, some of the carbon is consumed to form the carbide,
reducing the remaining amount of carbon in martensite
that can be enriched in austenite during partitioning.
Hence, the austenite carbon concentration after the parti-
tioning step in this case is presumed to be lower than that
predicted under the CCE conditions excluding carbide pre-
cipitation. As Speer et al. [1] pointed out, it is important to
choose appropriate chemical compositions in order to
avoid carbide precipitation in realizing an ideal Q&P condi-
tion. However, as some carbide formation may always
occur, adequate models are required that describe such a
case, thus providing a more precise estimate of the carbon
concentration in austenite after the Q&P heat treatment.
There is, however, currently no model dealing with the
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carbon partitioning behavior from martensite into austenite
under conditions in which carbide precipitation occurs in
martensite during the partitioning step.

Therefore, this study conducts an experimental analysis
of the carbon partitioning behavior from martensite into
austenite accompanied by carbide precipitation inside the
martensite during a partitioning step. A modified CCE
model is introduced to explain the experimental results.

2. Experimental procedure

The chemical compositions of the steels used in this
study are listed in Table 1. The carbon contents in these
model alloys were higher than that in typical alloys used
for Q&P processing [1,10] in order to lower the M} temper-
ature below room temperature. For these alloys, room tem-
perature or even lower temperatures can be used as the
quench temperature, which enables direct observation of
the initial microstructure and atomic distribution before
the partitioning step. The high amount of Si (~2 wt.%)
was added to suppress carbide formation [9]. The steels
were prepared by vacuum induction melting. The ingots
were homogenized at 1240 °C for 48 h and then air cooled
to room temperature. The homogenized ingots were
reheated and held at 1200 °C for 30 min, followed by hot
rolling to sheets with thickness 3.6 mm, and finally air
cooled to room temperature. Specimens with dimensions
15 x 50 mm, cut from the hot-rolled sheets, were then
heat-treated according to Fig. 1. They were austenitized
at 900 °C for 3 min, then quenched in water at a tempera-
ture of 30-17°C, followed by a partitioning step at
400 °C for 300s in a salt bath furnace. Some specimens
cut from steel A (see Table 1) quenched in 17 °C water were
further quenched to —20 °C or —63 °C prior to the parti-
tioning step to vary the martensite volume fraction. The
specimens before and after the partitioning step are hereaf-
ter referred to as “as-quenched specimen” and “partitioned
specimen”, respectively. Although slight decarburization

Table 1. Chemical compositions of steels used (wt.%).

Steel C Si Mn Al Fe
A 1.07 2.2 2.9 0.048 Bal.
B 0.59 2.0 2.9 0.038 Bal.
900 C
waQ
400 °'C
/ \WQ
30~17°¢y ] 4 MS>
-20 :C
-63 C Mf

Fig. 1. Schematic diagram of heat treatment: M, martensite start
temperature; My, martensite finish temperature; WQ, water-quenching.

occurred near the surface during homogenization and
reheating, it was confirmed that the carbon concentration
at least at one-quarter of the thickness of the heat-treated
sheets was identical to the bulk carbon concentration.
Therefore, all the following characterization steps were per-
formed at one-quarter of the thickness of the heat-treated
sheets to avoid the decarburized layer.

Microstructures in the cross section perpendicular to the
transverse direction (TD cross section) etched with 0.1—
0.3% Nital were observed by optical microscopy and scan-
ning electron microscopy (SEM). The austenite volume
fraction change during the partitioning step was investi-
gated by X-ray diffraction (XRD) with Co K, radiation,
using the intensities of the (200)a, (211)a, (200)y, (220)y
and (311)y reflections. The samples for XRD analysis were
ground from the surface to one-quarter of the thickness of
the heat-treated steels and, subsequently, another 100 pm
was removed from the ground surface by means of electro-
lytic polishing to exclude any influence of strains that might
have been introduced by the grinding step.

Carbon partitioning between martensite and austenite
was investigated mainly using a field-emission electron
probe micro analysis (FE-EPMA) [11]. The use of a FE-
type electron emitter can achieve a narrower emission area
compared with the conventional W or LaBg-type electron
emitter. Also, a relatively low voltage of 6 kV was used to
minimize the excitation volume. A probe current of 70 nA
was used. The carbon concentration was determined using
a standard calibration curve, which was obtained using
seven standard specimens in the range 0.0083-1.07 wt.%
C (Fig. 2). Standard deviations for each plot in Fig. 2 are
expressed as error bars, which are <0.021 wt.%. In the
FE-EPMA measurements, the line-analysis mode is used
to obtain carbon profiles across regions of interest. The
detection time for each point was 2 s in single-scan mode.

Atom probe tomography (APT) [12-21] was used for the
atomic scale quantitative investigation of elemental parti-
tioning during the partitioning step. Samples for APT mea-
surements were prepared using focused ion beam milling
and the lift-out procedure described in Ref. [22]. APT anal-
yses were performed using a local electrode atom probe
(LEAP 3000X HR, Cameca Instruments) in voltage mode
at a specimen temperature of ~65 K. The pulse fraction
and the pulse rate were 15% and 200 kHz, respectively.
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Fig. 2. Standard calibration line for FE-EPMA measurements. The
error bars represent standard deviation.
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Data analysis was performed using the IVAS software
(Cameca Instruments). The acczluired mass spectra revealed
peaks corresponding to ct, C*t, Cf, ¢y, G5, ¢, Fe?T,
Si2", Mn?t, AP’Y and AP’". In most analyses, the
(">Ci*C)*" peak at a mass-to-charge ratio (Da) of 24.5
was detected. This means that the peak at 24 Da, 25 Da
and 26 Da could be due to either C; or C3', or a mixture
of both [23,24]. Therefore, a peak decomposition algorithm
supplied by the IVAS software was applied to decompose
these peaks.

3. Results

3.1. Influence of martensite volume fraction on carbon
partitioning behavior

Fig. 3 shows optical micrographs of steel A (1.07 wt.%
C; see Table 1) quenched to (a) 30°C, (b) 17°C, (c)
—20°C and (d) —63 °C, respectively, followed by a parti-
tioning step at 400 °C for 300 s. The dark regions are mar-
tensite, which forms during quenching, and the white
regions are austenite. The volume fraction of martensite
increased with decreasing quench temperature: namely,
15% (quenched to 30 °C), 22% (quenched to 17 °C), 52%
(quenched to —20°C) and 75% (quenched to —63 °C),
respectively. Fig. 4a and b shows SEM images of the spec-
imens as-quenched to 17 °C, while Fig. 4c-h corresponds to
the specimens partitioned at 400 °C for 300 s after quench-
ing to (c, d) 30 °C, (e, f) 17 °C and (g, h) —63 °C. No car-
bide was observed in the as-quenched specimen (Fig. 4a,
b). In contrast, a considerable amount of carbide (white
contrast) can be observed inside the martensite in the par-
titioned specimens (Fig. 4c-h). The number density of the
carbide in the specimen quenched to 30°C (Fig. 4c, d)
seems to be slightly lower compared with that in the spec-
imens quenched to 17 °C and —63 °C (Fig. 4e-h). Lines

with higher carbide number density indicated by white
arrows can be seen inside the martensite plates, which cor-
respond to the midribs of the lenticular martensite [25]. No
further structural feature, such as bainite, was observed
under the present experimental conditions. Fig. 5 shows
the austenite volume fraction change by holding at 400 °C
of the specimens quenched to several temperatures (17 to
—63 °C). The specimens were heat treated at 400 °C for
10-3000 s, followed by quenching to room temperature.
The austenite volume fraction in each specimen was mea-
sured by means of XRD. There is essentially no change
in austenite volume fraction up to 3000 s. This indicates
that austenite decomposition, i.e. bainite transformation,
did not occur under the partitioning conditions in this
study.

Carbon partitioning during the partitioning step in the
specimens with different martensite volume fraction was
investigated by means of FE-EPMA. At first, the carbon
distributions in the specimens as-quenched to 17 °C and
—63 °C with different martensite volume fractions (22%
and 75%, respectively) are shown in Fig. 6. These two cases
are taken as upper and lower bounds, respectively. Line
probes with 20 pm analysis length were performed in
regions containing both martensite and austenite. In the
as-quenched specimens, the carbon distributions were
almost uniform within the experimental error, irrespective
of the martensite volume fraction. No substantial difference
in carbon level and scatter is observed between these two
specimens. This observation indicates that the carbon par-
titioning from martensite to austenite during quenching to
each of these temperatures was essentially negligible, which
is in line with previous results obtained on steel B
(0.59 wt.% C; see Table 1) via APT [8]. The averaged car-
bon concentration value in these two specimens, as
obtained by FE-EPMA, was ~1.087 wt.%, which is close
to the bulk carbon content of the material (1.07 wt.%;
Table 1).

Fig. 3. Optical micrographs of steel A (1.07 wt.% C; see Table 1) quenched to (a) 30 °C, (b) 17 °C, (c) —20 °C and (d) —63 °C, followed by

partitioning at 400 °C for 300 s. y, austenite; M, martensite.
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Fig. 4. SEM micrographs of steel A (1.07 wt.% C; see Table 1): (a, b) as-quenched to 17 °C, (c, d) quenched to 30 °C followed by partitioning at
400 °C for 300 s; (e, f) quenched to 17 °C followed by partitioning at 400 °C for 300 s, (g, h) quenched to —63 °C followed by partitioning at 400 °C

for 300 s. Arrows indicate midribs in martensite. y austenite; M, martensite.

Fig. 7 shows FE-EPMA carbon profiles of the specimens
quenched to 17 °C and —63 °C, respectively, followed by
partitioning at 400 °C for 300 s. Note that the magnifica-
tion of the two SEM images is different, and the size of
the austenite regions in Fig. 7b is smaller than that in
Fig. 7a. The white lines in the upper SEM images indicate
the probed lines. Compared with the as-quenched speci-
mens shown in Fig. 6, the carbon distribution in these par-
titioned specimens is obviously inhomogeneous. Clear
pileup of carbon around the martensite/austenite (M/A)
interface inside the austenite region can be observed (blue
arrows in Fig. 7c, d). This indicates that some carbon atoms
could partition from the martensite into the austenite dur-
ing the partitioning step at 400 °C, even though a consider-
able amount of carbide formed inside the martensite.
Regarding the carbon concentration in the martensite, it
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Fig. 5. Austenite volume fraction change by partitioning at 400 °C
obtained by XRD.

should be noted that it is the averaged value of both ferrite
and carbide in martensite, because the carbide size is too
small relative to the resolution of the FE-EPMA. There-
fore, if the carbide number density is locally high (e.g. at
the midribs inside the martensite; see Fig. 4), the detected
carbon concentration is higher, as indicated by the red
arrow in Fig. 7c.

The austenite carbon concentration in the specimens
partitioned at 400 °C for 300 s obtained by FE-EPMA is
summarized in Fig. 8 as a function of the martensite vol-
ume fraction. Although the carbon concentration was not
homogeneous in the austenite after partitioning for 300 s,
as shown in Fig. 7, the austenite carbon concentration in
the vicinity of the M/A interface is the most important
information to understand the equilibrium conditions
across the interface. Therefore, the range of the austenite

1.5
14 —o— As quenched to 17 °C
13 —— As quenched to -63 °C

C concentration / wt.%

05 ST T T Y Y N T TN N T T T T N Y S MY Y T T T T T I T T S

0 5 10 15 20 25 30
Distance / um

Fig. 6. Carbon concentration profiles of steel A (1.07 wt.% C; see
Table 1) as-quenched to 17 °C and —63 °C obtained by FE-EPMA.
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Fig. 7. SEM microstructures of steel A (1.07 wt.% C; see Table 1) quenched to (a) 17 °C and (b) —63 °C followed by partitioning at 400 °C for 300 s.
Carbon concentration profiles along the white arrows in (a) and (b) obtained by FE-EPMA are shown in (c) and (d), respectively. Blue arrows in (c)
and (d) indicate the pile up of carbon in austenite in the vicinity of the interface. Red arrow indicates a midrib of a martensite. vy, austenite; M,
martensite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Influence of martensite volume fraction on austenite carbon
concentration in steel A (1.07 wt.% C, see Table 1) quenched to 30 to
—63 °C followed by partitioning at 400 °C for 300 s. vy, austenite.

carbon concentration values in the vicinity of the M/A
interfaces is shown as red bars in Fig. 8. In either specimen
with their different martensite fractions, the austenite car-
bon concentrations are higher than the bulk carbon content
(1.07 wt.%). The most important finding here is that the
austenite carbon concentration near the interface in these
specimens with different martensite volume fraction is
nearly the same. This indicates that the carbon partitioning
behavior is not influenced by the volume fraction of pre-
existing martensite.

Fig. 9. SEM microstructure of steel B (0.59 wt.% C; see Table 1)
partitioned at 400 °C for 300 s after quenching to 17 °C. vy, austenite.

3.2. Influence of bulk carbon content on carbon partitioning
behavior

In order to understand the influence of the bulk carbon
concentration on carbon partitioning behavior, carbon par-
titioning in the lower-carbon steel (steel B, 0.59 wt.% C;
Table 1) was also investigated. The contents of the other
alloying element (Si, Mn, Al) in steel B are nearly the same
as those in steel A (1.07 wt.% C). Fig. 9 shows the SEM
micrograph of steel B quenched to room temperature
(17 °C) followed by partitioning at 400 °C for 300 s. Many

plate-shaped carbides with white contrast are observed in



142 Y. Toji et al. | Acta Materialia 86 (2015) 137-147

the martensite. The larger regions appearing in gray con-
trast are retained austenite with a volume fraction of 8%,
as measured by XRD [8]. It was confirmed by means of
dilatometry and XRD probing that no bainite transforma-
tion occurred during the partitioning step [8].

For the investigation of carbon partitioning in this spec-
imen, APT was applied, since the spatial resolution of FE-
EPMA (estimated as ~0.3 pm under the measurement con-
ditions used here) is not fine enough relative to the size of
the austenite regions in this specimen. Fig. 10 shows a car-
bon atom map of the specimen partitioned at 400 °C for
300s, and a concentration profile (here converted from
at.% into wt.% to render it comparable with the data shown
in Fig. 7) along the arrow indicated in the carbon atom
map. The yellow envelopes in the carbon atom map are
the iso-concentration surfaces representing 0.59 wt.% car-
bon, which is the bulk carbon content of this steel. Carbon
enrichment in the austenite can be clearly observed. It was
confirmed by APT that the carbon partitioning from mar-
tensite to austenite during water-quenching and sample
storage at room temperature was essentially negligible,
and the average carbon concentration obtained from eight
as-quenched samples analyzed by APT was 0.62 wt.%
(2.77 at.%) [8]. This value is in good agreement with the
bulk carbon content of the steel (0.59 wt.%). Therefore, it
is concluded that the observed carbon enrichment in the
austenite was caused by carbon partitioning from martens-
ite to austenite during the partitioning step. The carbon
concentration inside the austenite was ~1.2 wt.%, which
is about twice as high as the bulk carbon concentration.
The accurate austenite carbon concentrations were ana-
lyzed inside the austenite regions at least 2 nm away from
the interface between martensite and austenite in order to
exclude the influence of the artifact around the interface
(i.e. the local magnification effect which may artificially
broaden the interface). The interface was defined as the
median of the carbon concentration gradient between the
two phases. The averaged carbon concentration obtained
from the austenite regions in five atom probe samples were
1.41 wt.% (6.11 at.%). This value is similar to or slightly
higher than the austenite carbon concentrations observed

(a) 7 (b)

in the 1.07wt.% C steel (steel A, Table 1) shown in
Fig. 7, even though the bulk carbon concentration of steel
B is lower than that of steel A.

4. Discussion

4.1. Comparison between experimental results and the CCE
model

In this section, the experimentally observed carbon par-
titioning behavior is compared with the CCE model pro-
posed by Speer et al. [5]. Fig. 11 shows the experimentally
obtained carbon concentrations in austenite, together with
the values predicted by the CCE model. Regarding the

Steel A Steel B

7 b

I I Carbon range in the vicinity of interface

6 | @@ Averaged value of the carbon range

CCE
(for steel A)
o

"CCE
: (for steel B)

[4+— 1.07wt.%C

...................................... ; T,
™ osowtuc

Carbon concentration in y / wt.%

Martensite volume fraction / %

Fig. 11. Comparison between the experimentally obtained carbon
concentrations in austenite and that predicted by CCE model. Note
that the specimen with 92% martensite is steel B. The bulk carbon
content of steel A is 1.07 wt.% and that of steel B is 0.59 wt.%,
indicated as red and blue broken lines. T represents the carbon
concentration where free energies in ferrite and austenite are identical.
v, austenite. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

0 pptt

C concentration / wt.%

==1C iso-surface (0.59 wt.%) _20 nm

10 15 20 25 30 35 40 45
Distance / nm

Fig. 10. (a) Carbon atom map of steel B (0.59 wt.% C; see Table 1) partitioned at 400 °C for 300 s. (b) Carbon concentration profile along the arrow
indicated in the carbon atom map (a). The yellow surfaces in (a) are iso-concentration surfaces with 0.59 wt.% C. The error bars in (b) represent the
one-sigma statistical error. v, austenite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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experimental data, the austenite carbon concentrations in
the 1.07 wt.% C steel (steel A, Table 1) with a martensite
volume fraction of 15-75% (corresponding to the different
quench temperatures; Fig. 3) and those in the 0.59 wt.%
C steel (steel B) with 92 vol.% martensite are plotted
together. The range of the austenite carbon concentration
values in the vicinity of the M/A interface and their aver-
aged values are shown in this figure. As mentioned before,
the martensite volume fraction has essentially no influence
on the experimentally obtained austenite carbon concentra-
tions in steel A. In addition to that, the austenite carbon
concentration in steel B is also nearly the same as those
in steel A, although that in steel B is slightly higher than
those in steel A. This small difference in the austenite car-
bon concentration between these two steels is attributed
to the different analysis techniques (FE-EPMA in the case
of steel A; APT in the case of steel B). The carbon values
obtained by FE-EPMA cannot reveal the real austenite car-
bon concentration in the vicinity of the M/A interface,
owing to its limited spatial resolution. If the slope of the
carbon concentration profile near the interface in Fig. 7 is
extrapolated to the interface, the value approaches 1.3-
1.4 wt.% (see green lines near the interface in Fig. 7c, d),
which is closer to the austenite carbon concentration in
the vicinity of the interface in steel B analyzed by APT.
Therefore, it is concluded that the austenite carbon concen-
tration in the vicinity of the interface was not influenced
either by the martensite volume faction or by the bulk car-
bon concentration of the alloys. It should also be noted that
the experimentally obtained carbon concentration in the
austenite is higher than the carbon concentration at point
Ty at 400 °C (shown as a black line in Fig. 11) where the
free energies of the ferrite and the austenite phases are iden-
tical. For the case of the displacive mechanism, the bainite
transformation is considered to stop when the austenite
carbon concentration reaches 7T, (or 7"y (<T,), when
accounting for the stored energy of bainite) [26], because
there is no driving force for the transformation from face-
centered cubic to body-centered cubic without carbon diffu-
sion if the austenite carbon concentration is >T,. This also
indirectly proves that the carbon enrichment in austenite

(@)

Martensite Austenite

a—11

1Mc = Hc

a-1

¢

= py¥=d
=

Fe-X C

y=1I

(b)
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observed in this study is not caused by the bainite transfor-
mation, but by carbon partitioning from martensite.

The austenite carbon concentration predicted by the
CCE model is drawn as the red and blue solid lines for steel
A and steel B, respectively. The values were calculated in
the same way as reported in Ref. [§]. According to the
CCE model, the carbon concentration in austenite is pre-
dicted to increase with increasing martensite volume frac-
tion and bulk carbon content [5]. Therefore, more carbon
can accumulate inside the austenite if the martensite vol-
ume fraction is larger and the austenite volume fraction is
smaller. Regarding the influence of the bulk carbon con-
tent, more carbon can enrich in austenite in steels with
higher bulk carbon content compared with the steels with
lower bulk carbon content having same martensite volume
fraction. It should be noted that the CCE theory predicts
the austenite carbon concentration at the end-point (i.e.
when carbon partitioning has finished) [5]. However, the
partitioning condition in this study (400 °C for 300 s) does
not seem to be the end-point, since there is a gradient of the
carbon concentration near the M/A interface (Fig. 7).
Under CCE conditions, the austenite carbon concentration
at the interface is predicted to decrease with increasing par-
titioning time owing to the slower carbon diffusion in aus-
tenite than that in ferrite [27]. Therefore, even though the
carbon partitioning has not finished, the austenite carbon
concentration at the interface should have some relation-
ship with the martensite volume fraction under CCE condi-
tions, since it must always be above the carbon
concentration at the end-point shown as red and blue lines
in Fig. 11, regardless of the martensite volume fraction.

This tendency predicted by the CCE model is, however,
inconsistent with the experimental results obtained in the
present study with different martensite volume fractions
and bulk carbon contents under the conditions that carbide
precipitates in martensite. This deviation is attributed to the
carbide precipitation inside the martensite, as observed in
this study (Fig. 4), which is not considered in the CCE
model. Carbide precipitation consumes some of the carbon,
thus its partitioning into austenite is reduced. Hence, a
modified model is suggested in the ensuing section to

Martensite Austenite

a _ 0 _ .y
rHe = He = He

Fe-X

25at.% c

Fig. 12. Comparison between (a) original CCE model and (b) modified CCE model: a, ferrite; y, austenite; 0, cementite; C, carbon; Fe, iron; X,
substitutional elements; p%, ui-, u?, carbon potential in ferrite, austenite and cementite, respectively.
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Fig. 13. Comparison between the experimentally obtained carbon
concentrations in austenite and that predicted by CCE6 (CCE
accompanied by 0 precipitation) model. CCE6-1 assumes para-0
precipitation and CCEBO-II assumes Si partitioning between 6 and
surrounding ferrite at 400 °C for 300s. Carbon concentrations in
austenite predicted by CCE for steel A and steel B are also drawn.
Note that the specimen with 92% martensite is steel B. The bulk carbon
content of steel A is 1.07 wt.% and that of steel B is 0.59 wt.%,
indicated as red and blue broken lines. T, represents the
carbon concentration where free energies in ferrite and austenite are
identical. vy, austenite. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this
article.)

understand the carbon partitioning behavior under consid-
eration of carbide precipitation in martensite.

4.2. Modified carbon partitioning model including carbide
precipitation

Here, a modified CCE model is proposed to understand
the carbon partitioning behavior in the case where carbide
precipitation occurs in martensite. The modified CCE
model, hereafter referred to as CCE® (constrained carbon
equilibrium accompanied by 0 precipitation) is drawn sche-
matically in Fig. 12, together with the original CCE model.
Fe-X on the left-hand side of the abscissa refers to iron
(Fe) with other substitutional elements (X) included in
alloys. The atomic fraction of substitutional elements such
as Si, Mn is constant in these diagrams. In the original CCE
model, carbide precipitation is not taken into account, i.e.
only carbon partitioning between martensite (ferrite) and
austenite is considered.

In the model proposed here, the free energy of the
cementite is also drawn (Fig. 12b). The cementite is gener-
ally treated as a stoichiometric compound containing
25 at.% C even though the carbon concentration can vary
slightly to values <25 at.% in cementite [28—30]. Therefore,
the free energy of cementite in the Fe-X-C diagram is here
represented as a dot. Since the cementite precipitates inside
the martensite, the carbon potential in the ferrite and
cementite in the martensite should be identical. In addition,
the carbon potential in the austenite should be the same as
that in ferrite, which is satisfied by drawing a tangent to the
austenite free energy curve from the point where the tan-
gent to the ferrite free energy curve intersects the carbon
axis (right axis). This condition is expressed by the follow-
ing equations:

3u o;"CCEU +u aéccsn = G(FesC) (1)
u‘é‘CCE() = ll/C‘CCE() (2)

where puy, . is the chemical potential of iron in ferrite,
HE e and g . are the chemical potentials of carbon in
ferrite and austenite under CCEO conditions, respectively.
G(Fe;C) is the Gibbs free energy of cementite. Eq. (1)
expresses the tangent to the ferrite free energy curve passing
the point of the cementite free energy. These conditions are
coupled with the condition that the interface between ferrite
and austenite does not migrate, which is expressed as the
following form:

Feceo(1 =Xty = 1101 = X¢™) 3)

where f7 and f7..,, represent the initial austenite mole frac-
tion before the partitioning step and the austenite mole
fraction under CCE® conditions, respectively. X%'” and
X écm represent the bulk carbon concentration, and the
carbon concentration in the austenite under CCE6 condi-
tions, respectively. This equation means that the atomic
fractions of the substitutional elements in the austenite do
not change during the partitioning step. The following
two more equations are required to describe the carbon
equilibria.

) Y 0 0 __ yalloy
féCEOXOC(’CCEU + f/CCE()XCCCE(; + AfCCEOXCC(EU - XC (4)

Secwo+Fecen+ Fecen =1 (5)

where f%., and f7.,, represent the ferrite and cementite
mole fractions under CCE® conditions, respectively.
X% and X!.  represent the carbon concentrations in

CCEQ CCEO .. .
ferrite and cementite under CCE® conditions, respectively
(X am =0.25). Eq. (4) expresses the mass balance of car-
bon. Eq. (5) describes the relationship among the phase
fractions. The situation expressed by Fig. 12 and Eqgs. (1-
5) is that (i) the ferrite and cementite are under para equi-
librium conditions, and (ii) the ferrite (which contains
cementite) and the abutting austenite are under CCE condi-
tions. This means that the austenite volume fraction does
practically not change, while the ferrite volume fraction
changes accompanied by the cementite precipitation. In
reality, the austenite volume fraction should, of course,
change slightly as the atomic fraction of carbon inside the
austenite increases during the partitioning step.

An essential difference between the CCE and CCE®
models is the influence of the initial austenite volume frac-
tion and the carbon content before the partitioning step on
the resultant austenite carbon concentration after partition-
ing. Under CCE conditions at a specific partitioning tem-
perature, there is an infinite set of carbon concentrations
in ferrite and austenite with equal carbon potentials as
shown in Fig. 1la. Hence, the initial austenite fraction
and carbon content is required to select one of them [5].
In other words, the austenite carbon concentration changes
with the initial austenite fraction and carbon content. How-
ever, it is expected that the austenite carbon concentration
is uniquely identified only by the thermodynamic condi-
tions as shown in Fig. 12b under CCE® conditions, inde-
pendent of the initial austenite volume fraction and
carbon content if the contents of other alloying elements
such as Si and Mn in the alloys are the same. In this case,
the volume fraction of carbide inside the martensite would
change as a function of the initial martensite fraction and
bulk carbon content, so as to provide the required carbon



Y. Toji et al. | Acta Materialia 86 (2015) 137147 145

(a)

ferrite

cementite

Concentration / at.%

.
N E W s e e %

(b) = ferrite

Concentration / at.%

Distance / nm

an

ferrite R4 . mentite
) EE————— 7 A e
- . Q[ﬂ% sﬁ
ZU O
Q..
15 pr
- [
|49 '

Concentration / at.%

=aC iso-surface (5 at.%)

Distance / nm

Fig. 14. Carbon atom maps of steel B (0.59 wt.% C; see Table 1) partitioned at 400 °C for (a) 10 s, (b) 300 s and (c) 3000 s, and average compositions
of C, Si, Mn relative to the position of the 5 at.% C iso-surface around the carbides indicated by the arrows in the carbon atom maps. The yellow
surfaces in the carbon atom maps are iso-concentration surfaces with 5 at.% C. The error bars in concentration profiles represent the one-sigma

statistical error.

0.2

0.15}

0 / (fo+f0)
o

1.3 wWt%C

,IA
0.05|

0 20 40 60 80 100
Volume fraction of martensite / %

Fig. 15. Cementite fraction in martensite of steel A (1.07 wt.% C; see
Table 1) at 400°C as a function of martensite volume fraction.
Austenite carbon concentration is assumed to be 1.1-1.3 wt.%. 0,
cementite; a, ferrite. (fo + f0) represents volume fraction of martensite.

atoms to maintain the identical austenite carbon concentra-
tion, which will be discussed in Section 4.3.

The CCE6 approach is also different from ortho- and
para-equilibrium conditions. Under these equilibrium

conditions, carbon never partitions to austenite without
accompanying austenite-to-ferrite transformation.

4.3. Comparison between experimental results and the
modified carbon partitioning model

The austenite carbon concentrations as predicted by the
CCE®8 model under the two cases are drawn as purple and
green lines in Fig. 13, together with the experimental data.
The free energies of austenite, ferrite and cementite at
400 °C were calculated by Thermo-Calc using the TCFE6
database. CCE6-I (purple line) assumes that the carbides
observed in this study were para-cementite, which means
that the substitutional atomic fractions of Si and Mn in
the cementite are identical to those in ferrite and austenite.
This is considered to be the initial state of the carbide pre-
cipitation [31].

As discussed in Section 4.1, the partitioning condition in
this study (400 °C for 300 s) does not seem to be the end-
point of the carbon partitioning process. Even though the
carbon partitioning has not finished, one can discuss the
equilibrium conditions according to the CCEO model using
the austenite carbon concentration at the interface for the
following reason. In the case of the CCE® model, once car-
bide precipitates in martensite, the carbon chemical poten-
tial in ferrite is fixed to the same value as that in cementite.
Some carbon atoms promptly partition from martensite to
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austenite in order to maintain the continuity of the carbon
potential in the entire system, i.e. the carbon potential in
austenite at the interface becomes identical to that in fer-
rite. If it is assumed that the carbon potential in cementite
does not change during the partitioning step, the carbon
potential in ferrite and in austenite at their interface should
not change either. Therefore, the austenite carbon concen-
tration at the interface does not change during the parti-
tioning step, which is different from the situation assumed
under the original CCE conditions.

According to the CCES prediction, the austenite carbon
concentration is neither influenced by the initial austenite
volume fraction nor by the nominal carbon content as men-
tioned above. Therefore, the purple line is horizontal,
regardless of the martensite volume fraction and the bulk
carbon content. This is consistent with the trend observed
in the experimental results, which supports the applicability
of the CCEO model for predicting the carbon concentration
in austenite in cases when carbides precipitate inside the
martensite.

However, the austenite carbon concentration calculated
by the CCEO model (CCE®-I) is relatively higher than the
experimental values. This can probably be attributed to
the fact that the free energy of cementite is not entirely cor-
rect. If substitutional elements such as Mn, Si partition
between ferrite and cementite, the free energy of cementite
is reduced [31,32]. This decreases the carbon potential in
ferrite in equilibrium with the cementite, and hence also
lowers the carbon potential in austenite. As a result, the
austenite carbon concentration under CCE8 conditions
should shift to lower values. In order to modify the calcu-
lation conditions closer to the actual experimental situa-
tion, the partitioning of the substitutional elements
between ferrite and cementite were investigated by means
of APT. Fig. 14 shows carbon atom maps obtained for steel
B (0.59 wt.% C; Table 1) partitioned at 400 °C for 10—
3000 s, together with the corresponding proximity histo-
grams (proxigrams) [33] across the 5 at.% carbon iso-sur-
faces indicated by the arrows. The carbon concentration
inside the carbon enriched regions is nearly 25 at.%, match-
ing the stoichiometric carbon concentration in cementite.
Thus, these carbon enriched regions are identified as
cementite. Si partitioned only slightly after 10 s. However,
the partitioning of Si and Mn proceeds with increasing par-
titioning time. After 300 s, which corresponds to the parti-
tioning condition discussed in Fig. 13, Mn did still not
partition substantially. In contrast, Si partitioning is rela-
tively obvious, and the difference in Si concentration
between the ferrite and cementite regions in this case is
~2.3 at.%. The cementite free energy change caused by this
degree of Si partitioning was calculated by Thermo-Calc
(TCFE®6). The decrement in the cementite free energy was
1760 J mol ™" in this case. The austenite carbon concentra-
tion, calculated under CCEO conditions using the cementite
free energy taking the Si partitioning effect discussed above
into account, is drawn in Fig. 13 as a green line (CCEO-II).
The calculated value is indeed much closer to the experi-
mental data compared with the purple line, assuming
para-cementite (i.e. without Si partitioning). If one assumes
that Si is completely ejected from the cementite, the cement-
ite free energy is even lower than that in the case of CCE®-
II. The austenite carbon concentration in this case was cal-
culated as 1.7 wt.% under CCE® conditions. This value is
quite close to the experimentally observed austenite carbon
concentration range, as shown in Fig. 13. Thus, the free

energy of cementite has a significant influence on the aus-
tenite carbon concentration under CCE® conditions. There-
fore, partitioning of Si and Mn between ferrite and
cementite should also be taken into account for a more
accurate prediction of the austenite carbon concentration
after a partitioning step in the case where cementite precip-
itation occurs inside the martensite. In many cases, carbide
first precipitates in the form of transition carbides such as
epsilon carbide and then transforms into cementite accom-
panied by the partitioning of substitutional elements [31]. It
is therefore necessary to consider the free energy change in
the corresponding carbides at each partitioning time step to
predict the austenite carbon concentration accurately. The
free energies of cementite as well as of epsilon carbide in
multi-component systems are not yet fully understood
and first-principles studies are being pursued along these
lines [32,34].

In addition to the above discussion, the volume fraction
of cementite can also be predicted to change with the mar-
tensite volume fraction according to the CCEO model.
Fig. 15 shows the volume fraction of cementite inside the
martensite region for steel A (1.07 wt.% C) calculated by
the CCEO model as a function of the martensite volume frac-
tion. The austenite carbon concentration after partitioning is
assumed to be 1.1-1.3 wt.%. In the case of 1.2 wt.% C in aus-
tenite, which is the average experimental value observed in
this study, the cementite fraction is predicted to decrease
drastically when the martensite volume fraction is <20%.
As mentioned in Section 3.1, the carbide number density in
the specimen with 15 vol.% martensite (Fig. 4c, d) seems to
be slightly lower compared with that in the specimens with
higher martensite volume fraction (Fig. 4e-h). This trend is
consistent with the prediction by the CCE® model. However,
the difference in carbide volume fraction between the speci-
men with 15 vol.% martensite (Fig. 4c, d) and that with
75 vol.% martensite (Fig. 4g, h) seems to be not as large com-
pared with the prediction shown in Fig. 15. This can proba-
bly be attributed to the fact that the carbon partitioning did
not reach the equilibrium state at 400 °C after 300 s as
probed in this study (Fig. 7). It is likely that the carbide vol-
ume fraction decreases with ongoing heat treatment,
although the equilibrium austenite carbon concentration
decreases accompanied by the decrement of the carbide free
energy during the partitioning step, which increases the car-
bide fraction (see comparison between 1.2 wt.% C and
1.1 wt.% Cin Fig. 15). The volume fraction of carbide is pre-
dicted to be zero when the martensite volume fraction is
lower than the critical values (e.g. ~11% for the case of
1.2 wt.% C in austenite). Therefore, if an accurate value for
the carbide free energy is available, it is considered that the
maximum limit of the martensite volume fraction to avoid
carbide precipitation in martensite can be predicted. This sit-
uation corresponds to the upper limit boundary conditions
assumed by the CCE model. Therefore, the transition from
the CCE model (without carbide) to the CCEO model (with
carbide) can also be captured by the CCEO model, which is
considered to have a substantial effect on the mechanical
properties.

5. Conclusions

The carbon partitioning behavior from martensite into
austenite during a partitioning step accompanied by the
carbide precipitation inside the martensite was investigated
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by means of FE-EPMA and APT using 1.07 wt.% and
0.59 wt.% carbon steels with various martensite volume
fractions. Carbon partitioning from martensite into austen-
ite was clearly observed in both steels, even though consid-
erable carbide precipitation was observed inside the
martensite. The austenite carbon concentration after the
partitioning step was not influenced by either the martens-
ite volume fraction or the bulk carbon content. A modified
prediction model for the austenite carbon concentration
after the partitioning step in the Q&P process, which can
be applied to the case where carbide precipitation occurs
in martensite, was proposed to explain the experimental
results. The austenite carbon concentration predicted by
the modified model showed the same trend as the experi-
mental results, i.e. it was independent of the martensite vol-
ume fraction and of the bulk carbon content. The predicted
carbon value was closer to the experimental value than that
predicted by the original CCE model. The predicted value
was significantly influenced by the partitioning of substitu-
tional elements between ferrite and carbide. Further studies
are needed to take into account the kinetics of the free
energy changes of carbide during the partitioning step for
a more accurate prediction of austenite carbon concentra-
tion at each partitioning time step.
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