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a b s t r a c t
Phase transformation in low alloyed Fe-C steels during quenching and partitioning (Q&P), though authentically attributed to carbon diffusion, is scarcely quantiﬁed experimentally in terms of microstructural evolution and lack of fundamental backing at a quantum mechanics level. Herein, we report on
a combined in-situ high energy synchrotron X-ray diffraction and density functional theory (DFT) study
to unveil the physical mechanism of phase transformation in a Q&P processed advanced Fe-C steel. Beside a small fraction of bainite, a low air-quenching rate of ∼6 °C/s in the Ms to quenching temperature range leads to carbon enrichment into the untransformed austenite, which simultaneously turns
up with the later stage of martensitic transformation at the existing austenite/martensite interfaces. The
resulting transformations are ascertained by DFT results and attributed to a second energy barrier in
ferrite/martensite facilitation to carbon diffusion to austenite at elevated temperatures, along with the
well-known carbon solubility difference/equilibrium in austenite and martensite. The development of cubic martensite in the carbon steel is theoretically elucidated and attributed to more probable hopping
sites and diffusion paths of carbon in the ferrite/martensite than in the austenite.
© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Quenching and partitioning (Q&P) process, discerned from steel
processing experiences and various industrial trials, is an intensively studied topic in the modern design routes for thermomechanical processing of advanced high strength steels [1–6]. The
process consists of an interrupted quenching at a suitable temperature between the martensite start (Ms ) and ﬁnish (Mf ) temperature
after austenitization annealing and holding at the partitioning temperature. The aim of quenching is to achieve a partial martensitic
transformation which is considered to be diffusionless or displacive
and proceeds by a shear-type movement of atoms [7,8]. During
the partitioning step, post-mortem results have demonstrated that
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carbon diffuses from metastable martensite (α ’) to untransformed
austenite (γ ) in order to be able to stabilize it partially or fully
down to room or even lower temperatures, termed as retained
austenite (RA) [2,3,9]. Consequently, this process yields a mixture
of mainly α ’ and carbon enriched RA, resulting in a simultaneous
superior strength, but with adequate ductility and toughness [10–
12].
To optimize mechanical properties, the stability of RA must
be controlled for the widely-used medium/low-carbon low-alloyed
steels [13–15]. Following literature, the evolving microstructure,
crucial to the mechanical properties of such steels, is sensitive to
their carbon contents that are necessarily interactive to inﬂuence
the martensitic transformation temperatures, i.e., Ms and Mf , as
well as carbon partitioning into RA for the chosen Q&P processing
parameters. The RA amount and stability can be improved through
martensitic transformation and carbon diffusion during partitioning [16,17]. Therefore, the selections of both the quenching and
partitioning temperatures are important, besides the partitioning
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time. Quenching temperature permits the control of initial fraction
of α ’. In principle, all the available untransformed austenite can
be stabilized or enriched with carbon during partitioning, if the
starting fraction of α ’ is high, i.e., the quenching temperature is
low. However, this partitioning mechanism is only feasible if carbon does not remain trapped in the supersaturated α ’ by possible carbon segregation into martensite lattice defects and also
by carbide precipitation inside the martensitic laths, controlled by
carbon diffusion kinetics [18–20]. The diffusion process of carbon
in such Q&P steels is thermally activated [21]. High partitioning
temperature accelerates carbon diffusion to enable rapid complete
partitioning, whereas there is an equally increasing possibility of
carbide precipitation. On the contrary, low partitioning temperatures may mitigate or at least delay carbide formation, but at the
same time may not be adequate to facilitate carbon diffusion from
supersaturated α ’ into untransformed austenite in a given time
[1,22,23]. Up to date, the implementation of Q&P and the carbon
diffusion during this process is rather a semi-empirical action involving many experimental efforts than quantitative controls.
Despite substantial importance in materials engineering, microstructural evolution, similarly as process of martensitic transformation, is hardly quantiﬁed due to rapid occurrences/diminishing
of phases in the metallic bulks and computational complexity.
First, contradictory phenomena blur semi-empirical knowledge towards martensitic transformation. Due to the existence of carbon interstitial atoms, martensite is believed to possess a bodycentered tetragonal (BCT) lattice [24,25], namely the lattice parameter a could be smaller than its c parameter. This corresponds to a
c/a changing with carbon contents [26,27]:

c/a = 1 + 0.045 or 0.031 wt.% C

bon solubility difference in different phases. The work is hoped to
place a quantum mechanical corner stone for conventional steel
studies beside offering possible engineering design strategies for
advanced high strength steels.
2. Experimental and computational methods
2.1. Material
The investigated Fe-0.3C-1.9Mn-1.0Si-1.0Cr steel was prepared
by laboratory hot-rolling followed by direct-quenching and low
temperature partitioning, similar to the work carried out in [12]. A
block cut from a vacuum induction melted cast was ﬁrst heated to
1200 °C for homogenization, hot-rolled into 12 mm thick plate, and
after the ﬁnal rolling pass was directly water quenched to 175 °C
to facilitate small-scale relaxation of martensite, after which it was
transferred to a furnace preheated to same quenching temperature,
where it cooled slowly to room temperature for approximately 50
h. Rod-like specimens (1 × 1 × 15 mm3 ) were machined from the
centreline of plates for in-situ HE-SXRD experiments. The resulting microstructure before the in-situ experiment is lath-martensite
[36], which includes about 10.3% RA within the material as measured with HE-SXRD before the heat cycle.
2.2. In-situ HE-SXRD experiment
The in-situ HE-SXRD experiment of the selected steel was carried out at the Brockhouse High Energy Wiggler Beamline, Canadian Light Source, Canada. The experimental apparatus, shown in
Fig. 1a, consisted of a ﬂow-cell furnace [37] composed of a quartz
capillary cell, capable of holding the sample in vacuum/inert gases
atmosphere and surrounded by a helical coil connected to a source
of electric current for controllable heating rate and natural convection cooling on the beam path. A thermocouple inserted into
the capillary was used to measure the temperature of the sample. High energy synchrotron radiation with a monochromatic focused beam of 60 keV [38] was applied to illuminate the specimen. A 2D Perkin Elmer area detector (200 × 200 μm2 pixel size,
40 × 40 cm2 in area), placed about 750 mm away from the sample, allowed data acquisition of Debye-Scherrer rings (Fig. S1) in
a transmission mode. The reﬁned wavelength from a Ni calibrant
was λ = 0.212561 Å. An exposure time of 0.5 s was used, and the
X-ray beam size was approximately 100 μm (vertical) × 200 μm
(horizontal).
The heat treatment cycle and actual temperature evolution
recorded during the proposed in-situ HE-SXRD experiment is provided in Fig. 1b. The steel specimen was rapidly heated to the
austenitization temperature of 900 °C and held for 120 s to eliminate the enriched carbon in austenite (Fig. S2) due to prior heat
treatment, quenched in an ambient atmosphere down to the partitioning temperature of 175 °C and isothermally held for 900 s, and
then ﬁnally cooled down to room temperature. The temperature of
175 °C was selected as the quenching and partitioning temperature
in order to be able to stabilize a certain fraction (∼10%) of RA in
the steel [12]. The obtained raw 2D diffraction patterns (see Supplementary video 1 and Fig. S1) were integrated along each ring
by the GSAS-II software [39]. Then, the resulting 1D HE-SXRD proﬁles were analyzed using Rietveld reﬁnement analysis [40] in the
2θ angle range from 4 to 14°.

(1)

This relationship holds well in steels with carbon content
higher than 0.6 wt.% [26,28]. On the other hand, the freshly formed
martensite is found to be BCT in medium carbon steel [29], though
the c/a ratio decreases rapidly because of auto-tempering effect
during which carbides might precipitate out [30]. Second, the latest developed advanced characterizations e.g., in-situ high-energy
synchrotron X-ray/neutron diffraction [22,30–33], can hardly quantify the local carbon enriched/depleted microstructures due to
their nanoscale sizes and the presence of signiﬁcant amounts of
lattice defects. As a result, the mechanism and kinetics of carbon
diffusion into untransformed austenite are still unclear, though frequently proposed, yet seldom monitored. In particular, the kinetics
of carbon diffusion become far more important at relatively low
quenching and partitioning temperatures (< 300 °C) to be able
to promote suﬃcient carbon partitioning from martensite to stabilize the austenite. Third, theoretical understanding at the quantum
mechanics level has only been considered as a supplementary to
experimental observations due to complexities in modelling. DFT
has been successfully utilized to study the tendency of carbon precipitation as Fe3 C phase [34] and Si-C interactions [35] in Fe-C
steels. However, the thermal factors have not been well considered
therein due to the adiabatic approximation. Yet, validity of carbon
diffusion in phase transformation at elevated temperatures is lack
of sound ground down at quantum mechanics level.
In this work, by combining in-situ quantiﬁcations of phases via
high energy synchrotron X-ray diffraction (HE-SXRD) and thermally
relevant DFT calculations, we performed a systematical study to
unveil the phase transformation mechanism during Q&P process
of an Fe-0.3C-1.9Mn-1.0Si-1.0Cr low-alloyed steel. The phase evolution determined from in-situ HE-SXRD was crosschecked with
conventional dilatometry result. Beside consistent to experimental
observations, the computational results present the existence of a
second energy barrier in ferrite/martensite which also beneﬁts carbon diffusion to austenite at elevated temperatures. Employed theoretical elucidation supplements the mechanism ascribed to car-

2.3. Dilatometric measurements and microstructure characterization
Relative volume changes occurring during Q&P process following the same temperature proﬁle (Fig. 1b) were also measured insitu via dilatometer analysis using a Gleeble-3800 thermomechanical simulator (Dynamic Systems Inc., Poestenkill, NY, USA), which
2
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Fig. 1. (a) Schematic of the experimental apparatus for in-situ HE-SXRD experiment, and (b) measured temperature history as a function of time, in which the red points
highlight the temperatures where the DFT calculations were performed. Inset of (a) shows a digital image of the experimental heating ﬂow-cell furnace designed and
employed for in-situ experiments (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

enabled in-situ correlation with the phase transformation mechanisms [41,42]. Field-emission scanning electron microscope (FESEM, Zeiss Sigma) and electron backscatter diffraction (EBSD) were
employed to identify the phases formed after Q&P treatment in
in-situ HE-SXRD experiment and dilatometric measurements. For
microstructural observation in FESEM, samples were polished using standard metallographic procedures and then etched by 2% Nital. Interpretation of microstructural constituents in FESEM images
was based on the revealed morphological features due to their different etching behaviours to 2% Nital [43,44]. Sample preparations
for EBSD included an additional polishing step with colloidal silica
(0.004 μm) suspension. The EBSD data analyses were carried out
by TSL-OIM commercial software to reveal the phase distribution
including RA.

conﬁguration. Intermediate images were created between the initial and ﬁnal structures to provide a relatively smooth diffusion
path. By optimizing the intermediates along the diffusion path, this
method works eﬃciently for ﬁnding the TS and minimum energy
paths between known IS and FS, with essentially no limitation on
the degrees of freedom for atomic/ionic relaxations [53]. The conﬁguration of γ and α /α ’ systems with one carbon atom at its initial/ﬁnal position was considered as IS/FS. These two endpoints
were ﬁxed, while the intermediates (starts corresponding to the
diffusion path) were optimized until the residual forces per atom
became less than 0.05 eV/Å. The relationship between the diffusion coeﬃcient of an interstitial carbon atom and temperature was
described based on the Arrhenius law [54].

D = D0 exp

2.4. Computational methods



−

Eb
kB T



(2)

where D0 is a pre-factor, Eb is the diffusion barrier, kB is the Boltzmann constant, and T is the absolute temperature.

The computational part of the work was conducted in the
framework of the DFT as implemented in the Vienna ab initio simulation package (VASP) [45]. The Perdew–Burke–Ernzerhof (PBE)
exchange-correlation functional under the generalized gradient approximation (GGA), which combines high accuracy and moderate
computational demands, was applied [46]. Initial unit cell of γ
and α /α ’ was taken from the database [47]. For the geometry optimization step, the γ and α /α ’ cell structures (the nuclear coordinates and the lattice vectors) were optimized without any constraints to minimize the total energy of the system, until the residual forces per atom become as low as 0.01 eV/Å. According to the
used pseudopotentials, the cutoff energy of 400 eV was adopted
for the plane wave basis set which was suﬃcient for the present
system. In this case, according to the Monkhorst-Pack scheme [48],
k-point mesh of 15 × 15 × 15 was used for sampling the Brillouin
zone. The lattice constants of optimized γ and α /α ’ unit cells were
calculated to be 3.59 Å and 2.87 Å at 0 K, in a good agreement
with the experimental and theoretical referenced data [49–51].
To increase the accuracy of the results, in the case of carbon
diffusion barrier calculation, the supercells of γ and α /α ’ phases
consisting of 2 × 2 × 2 and 4 × 4 × 4 unit cells were used. The
Monkhorst-Pack sampling in the Brillouin zone was used with kpoint sets of 3 × 3 × 3. The climbing-image nudged elastic band
(CI-NEB) method [52], frequently employed in studies of reactions
and diffusion events, was utilized to obtain the diffusion path of
carbon atom in γ and α /α ’ phases and corresponding energy barriers. For CI-NEB calculations, a set of “states”, initial, transition
and ﬁnal states (IS, TS and FS), of the considered system was used
to represent the diffusion path from the initial to ﬁnal structural

3. Results and discussions
3.1. In-situ HE-SXRD quantiﬁcation
Fig. 2 shows the color-coded 2D plots corresponding to the evolution of {hkl} reﬂections for both γ and α /α ’ within the 2θ range
of 5-12° during continuous heating and cooling. It should be noted
that two families of diffraction peaks, one each from γ and α /α ’,
are clearly detected. Peaks from the carbide phases, if any, are not
distinguishable in the diffraction patterns before nor after the HESXRD experiment at room temperature (Fig. S3). This could be attributed to the presence of Si that retards the formation of carbide
phases [35,55,56], and the holding temperature is too low to initiate carbide precipitation. The specimen is almost fully austenitized
at 860 °C (98% γ ), and 100% austenitization has been achieved during further heating to 900 °C (Fig. S4). Subsequently, the DebyeScherrer rings become spotty during holding at 900 °C, suggesting
coarsening of the γ grains (Supplementary video 1).
3.1.1. Phase transformations during Q&P
The average cooling rate is calculated to ∼6 °C/s during airquenching from 900 to 200 °C, which is lower than that applied
during conventional water quenching of steels, but might be of
more practical consequence for large-scale industrial productions.
During cooling down to a temperature of ∼680 °C (Fig. 3a), a
diffraction peak from {110} planes of likely ferrite phase become
distinguishable. According to the preliminary observation from a
continuous cooling transformation (CCT) diagram (Fig. S5) of the
3
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Fig. 2. Color-coded 2D plots corresponding to the evolution of {hkl} reﬂections for both γ and α /α ’ during continuous heating and cooling. The color bar on the right
represents the peak intensities after background subtraction and normalization.

Fig. 3. (a) 1D diffraction patterns at selected temperatures, and (b) evolution of phase fractions during cooling.

steel constructed by using JMatPro software [57], there should not
be any BCC phase formation at this temperature during cooling.
However, due to the possible non-uniform local distribution of alloying elements even after full austenitization (Fig. S6), such as Cr,
Mn and decarburization of the surface [58] of tested specimen, ferrite could have possibly formed mainly at the surface.
An analysis of individual diffraction patterns by Rietveld reﬁnement [40] quantify the phase fractions as a function of temperature during the in-situ HE-SXRD experiment (Fig. 3b). The tetragonality of α ’ would normally result in a peak splitting, particularly, of the {200}α ’ diffraction peak [27,59], as shown by the simulated patterns in Fig. S7. However, no such peak splitting due to
the tetragonality of α ’ is observed (Fig. S8). Additionally, the reﬁnement with BCC α ’ gives a better ﬁtting. Thus, α ’ with c/a = 1 has
been used for the Rietveld reﬁnement. The explanation for this cubic α ’ might be the overall low nominal carbon content, which can
result in relatively high Ms enabling signiﬁcant auto-tempering, besides auto-partitioning, or even carbon trapping preferentially in
lattice defects, e.g. dislocations [60–62].
Fig. 3b shows the sigmoidal shape of phase fraction evolution as
a function of temperature. In a relatively high temperature range,

between 680 to 550 °C, the fraction of ferrite phase has a quite
sluggish increase ascribed to the diffusional transformation. During cooling below 550 to 400 °C, the transformation rate from γ
to α /α ’ phase increases. It is consistent with the dilatometric measurement where a certain fraction of bainite could form below 550
°C (Fig. 9). The formation of BCC phase then achieves a rapid rate,
when the temperature is below 400 °C, indicating an aggressive
martensitic transformation. The Ms is estimated at around 350 °C,
slightly higher than that by water quenching in [12], dilatometric measurement (Fig. 6a) and the prediction of calculated CCT
diagram (Fig. S5). The untransformed austenite content decreases
from 16.0% to 11.5% during partitioning. This consumption of γ is
suggested to be caused by the occurrence of bainite transformation
[31,63,64]. At room temperature, the ﬁnal fraction of RA is about
10.6%, suggesting that the C enriched austenite is considerably stable after partitioning at 175 °C.
3.1.2. Carbon partitioning
As the {111}γ peak overlaps with {110}α /α ’ peak, other austenite
diffraction peaks, {200}γ , {220}γ and {311}γ were selected for the
carbon partitioning analysis. Broadening of the γ diffraction peaks
4
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Fig. 4. Evolution of {200}γ diffraction peak with Gaussian function ﬁtted curves at different temperatures. (a) 400 °C without martensitic transformation; (b) 300 °C where
the fraction of martensite was 38.2%; (c) 250 °C where the fraction of martensite was 73.3%; (d) 200 °C where the fraction of martensite was 82.1%; (e) 175 °C corresponding
to the beginning of partitioning step; (f) 175 °C corresponding to the ending of partitioning step.

is observed with decreasing temperature (Fig. S9), which should be
mainly due to the hydrostatic stresses as well as change in morphology or reﬁnement in untransformed austenite, induced by the
martensitic transformation. It can also be viewed from the transition in diffraction spots to more continuous arcs of particularly
{110}γ Debye-Scherrer ring in the 2D diffraction pattern (Supplementary video 1).
Ideally, the shape of diffraction peaks is considered to be Gaussian. For example, the {200}γ peak can be ﬁtted with a symmetric Gaussian function before the onset of martensitic transformation, even including some ferrite and bainite formation, as
plotted in Fig. 4a. At the early stage of martensitic transformation, a symmetric peak can still be used to ﬁt the experimental
data (Fig. 4a-b). However, as the transformation proceeds further
(Fig. 4c-e), the {200}γ peak asymmetrically broadens and could decompose into two γ peaks with different lattice parameters. Similar ﬁndings can also be observed in {220}γ (Fig. S10) and {311}γ
(Fig. S11) peaks. In carbon steels, carbon atoms occupy the interstitial positions in Fe lattices and stabilize γ phase. The solubility of carbon atoms in BCC lattice is lower as compared to
that in FCC lattice [62], which is thermodynamically probable, thus
providing the driving force for the carbon diffusion from supersaturated martensite into neighboring lattice defects or untransformed austenite. Meanwhile, the precipitation of carbides takes
place mainly within the midrib of martensite laths, or along the
grain and/or phase boundaries [65]. Therefore, it is reasonable to
believe that the observed asymmetry of γ diffraction peaks at elevated temperatures is attributed to a heterogenous enrichment of
carbon in untransformed austenite. Previous post-mortem characterizations have demonstrated that carbon enrichment in RA can
take place even at cooling rates up to several hundred K/s [66]. It is
noteworthy that RA with two different morphologies in Fig. 7, i.e.,
blocky austenite located at packet boundaries and ﬁlmy inter-lath
austenite formed along lath boundaries, show respectively low and
high carbon contents [67,68]. Here, carbon enrichment in untransformed austenite has already been observed at ∼250 °C, where
the fraction of martensite is 73.3%. This simultaneous occurrence

of carbon enrichment with later stage of martensitic transformation could develop at the already-formed γ /α ’ interfaces by earlier
martensitic transformation in accord with the proposed theory of
constrained carbon equilibrium at γ /α ’ interfaces [5,9,69].
Fig. 5 highlights the variation of full width at half maximum
(FWHM) of {200}γ peak and the lattice parameter of γ during Q&P
treatment at select temperatures. The lattice parameter of austenite, aγ , by Rietveld reﬁnement is plotted in black, showing that
carbon enrichment into austenite results in increased aγ . FWHM
of the {200}γ peak increases as the martensitic transformation
proceeds, indicating the introduction of microstrain in the lattice
by defects, e.g. vacancies, dislocations, and twins, as presented in
[70]. Meanwhile, high C austenite shows a mild increase in lattice
parameter due to the carbon enrichment (Fig. 5) despite a drop
in temperature. The blue arrows highlight the starting of partitioning process. FWHM increases during partitioning, which might
be associated with the introduction of local distortion by the reordering or diffusion of carbon atoms [34], as evinced by the subtle change of lattice parameter of both high and low C austenite.
Results from {220}γ and {311}γ peaks are also given in Fig. S12,
from which same features can be observed as that from {200}γ
peak, though the absolute values deviate.
The carbon content in γ is calculated by [33]:

daγ = 0.033dCγ

(3)

in which, aγ is the lattice parameter of γ and Cγ is the carbon
content (in wt.%) in γ . Table 1 summaries the changes of Cγ and
fraction of γ . Since the fraction of carbides is negligible as discussed above, the carbon content remaining in α /α ’ or getting
trapped in α /α ’ lattice defects is estimated by directly subtracting the carbon content in γ from the total carbon. It should be
noted that Eq. (3) is an ansatz of aγ = a0 + kC Cγ (a0 is the theoretical austenite lattice parameter in the absence of carbon) that
is used to describe the relationship between aγ and Cγ [71]. a0
is proposed to be more sensitive to stress than kC and should be
corrected carefully [72]. Eq. (3) used in this study assumes constancy of stress in the surrounding austenite corresponding to con5
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Fig. 5. Change of (a) FWHM of {200}γ peak and (b) lattice parameter of high and low C austenite estimated from the ﬁtting results of {200}γ peaks. Inset of (b) highlights
the subtle change of lattice parameter of both high and low C austenite. The lattice parameter of austenite, aγ , from Rietveld reﬁnement is plotted in black in (b).

Table 1
Phase fraction of γ (in wt.%) and average carbon content in γ (Cγ ) and α /α ’
(Cα /α ’ ) at different temperatures.
Temperature (°C)

γ (wt.%)

Cγ (wt.%)

Cα /α ’ (wt.%)

250
200
175 (partitioning start)
175 (partitioning end)
RT

26.7(±0.3)
17.9(±0.2)
16.1(±0.2)
11.5(±0.2)
10.6(±0.1)

0.354(±0.004)
0.395(±0.004)
0.424(±0.005)
0.481(±0.008)
0.601(±0.005)

0.280(±0.003)
0.279(±0.003)
0.276(±0.003)
0.276(±0.003)
0.263(±0.003)

the HE-SXRD patterns due to the overlapped peaks corresponding
to the carbides and the matrix. Further slight expansion indicates
the occurrence of competitive mechanisms comprising either the
progress of carbon partitioning and/or martensite transformation
[41,42].
SEM and EBSD were employed to verify the presence of phase
constituents after in-situ HE-SXRD experiment. The microstructure obtained through this Q&P process is mainly lath martensite. The relatively darker etched sheaves in Fig. 7a adjacent to
prior austenite grain boundaries represent the bainitic ferrite (BF).
Bainite sheaves nucleate and grow also at the side of the existing bainitic ferrite laths or between the prior martensitic laths.
As seen in Fig. 7a, the ﬁrst bainite sub-unit sheaf on the left side
forming at prior austenite grain boundaries, and next bainite subunits growing parallel to the ﬁrst one are interspaced with martensite laths. The tempered martensite (TM) matrix is characterized
by the presence of needle-type transition carbides (Fig. S13) parallel to speciﬁc habit planes within martensite blocks. Nevertheless, the fraction of carbides and TM is low, which is in line with
the undistinguishable carbide signals in HE-SXRD diffraction patterns despite the presence of 0.3 wt.% carbon in the steel. Furthermore, some regions reveal presence of untempered, high carbon secondary martensite (SM), which formed from a small fraction of metastable austenite without enough carbon enrichment
during the ﬁnal cooling to room temperature. The SM is characterized by a trigonal and/or quadrangular blocky morphology
and relatively featureless (less prone to etching) [43] compared
to the primary martensite due to its high carbon content. It is
diﬃcult to resolve tiny pools/ﬁlms of RA by using FESEM, hence
EBSD analysis was performed to distinguish RA from martensite.
EBSD results indicate that a part of the RA exhibit a blocky morphology and are mainly located between the martensite blocks
(Fig. 7c), while the thin, ﬁlmy RA distribute ﬁnely between the
martensitic laths (Fig. 7d). Pile-up of carbon atoms easily occurs
in the vicinity of austenite/martensite interfaces [73]. Larger interfaces between such ﬁlmy austenite and martensite contribute
more and easier carbon enrichments, thus higher carbon content in ﬁlmy austenite. Cγ , statistically, in ﬁlmy austenite can be
as high as 1.9 wt.% at room temperature, while 0.42 wt.% in
blocky austenite according to peak ﬁtting analysis. Gleeble simulated steel specimens for dilatometric measurements show similar
characteristics (Fig. S14). These microstructural evidences conﬁrm
the presence of martensite, bainite, high and low C or ﬁlmy and
blocky RA in the microstructures, as revealed by careful metallography based on the prediction of dilatometry and in-situ HE-SXRD
results.

stant a0 and kC , which, however, is not exactly the case during Q&P
particularly in the temperature range 250 to 175 °C, as discussed
above. Hence, the inconstancy leads to an underestimated Cγ in
γ at this temperature range. And vice versa: overestimated Cγ is
in α /α ’. Phase fraction evolution in this temperature range is relatively slow, indicating that the stress change around γ is not very
sharp and this calculation is applicable within a certain range.
It is seen from Table 1 that the carbon content in γ increases
continuously during Q&P. Final carbon content in RA is ∼0.60 wt.%,
i.e., double of the nominal carbon content. The amount of content
in the material. This re-distribution of carbon through Q&P process
creates a certain fraction of soft RA to improve the ductility and
transformation induced plasticity (TRIP) effect, and a major phase
of hard martensite to enhance the strengths, as veriﬁed in Section
3.2.
3.2. Dilatometric veriﬁcation
The phase transformation observed in synchrotron study was
cross-checked by in-house dilatometry. Martensite starts to form at
∼320 °C (Ms ) based on the dilatometric analysis (Fig. 6a). In addition to martensitic transformation, a slight change in volume is
observed at ∼530 °C, which corresponds to the preceding bainitic
transformation. These transformations are in good agreement with
the results revealed by in-situ HE-SXRD experiment, though the
dilatometer determined transformation temperatures is generally
lower than that by HE-SXRD. The dilatation curve also shows the
potential secondary martensite transformation, as marked in the
inset of Fig. 6a, which explains the slight ∼1% decrease in γ fraction after partitioning to room temperature. A slight volume expansion is noticed, in Fig. 6b, during isothermal partitioning at 175
°C, which essentially corresponds to the carbon diffusion favorably
from martensite to austenite. Small contractions might be ascribed
to the tempering of martensite, leading to the formation of a small
fraction of carbides, which is nearly impossible to distinguish in
6
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Fig. 6. (a) Relative change in diameter with temperature during Q&P, and (b) magniﬁed view of relative changes in diameter change with time during partitioning.

Fig. 7. (a) Representative FESEM image, (b) EBSD inverse pole ﬁgure, (c, d) image quality + phase map of the steel specimen after in-situ HE-SXRD experiment, respectively.
In (a), BF, SM, TM represents bainitic ferrite sheave, secondary martensite, and tempered martensite, respectively.

3.3. DFT investigations

adopted for the formation energy calculations at each temperature. Then the formation energies Ef of γ and α /α ’ were calculated in the framework of DFT to simulate the effect of the cell
shape/volume transformation due to phase transformation and carbon activity at different temperatures. The temperature dependent
energy curves were generated and compared with experimental
fractions of γ and α /α ’. Based on the above assessments of reliability, the energy barriers of carbon diffusions using CI-NEB method

DFT calculation was employed to study physical mechanisms
beyond the experimental observations. To reach reliable computational results under conditions of varied temperatures, the following steps were briefed in this paragraph, and detailed results presented later in this subsection. Firstly, lattice parameters of γ and
α /α ’ experimentally determined from the HE-SXRD results were
7
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Fig. 8. Evolution of lattice parameters along with corresponding fractions of (a) γ , and (b) α /α ’.

were given at elevated temperatures and applied to phase transformation mechanism studies.
3.3.1. Lattice parameters
Lattice parameters of γ and α /α ’ calculated at 0 K, though well
agreed with reported experimental and theoretical values, differ
from these at elevated temperatures. To construct reliable unit cells
in the DFT calculation to simulate carbon diffusion in Q&P process, lattice parameters were determined by Rietveld reﬁnement
[40] of individual diffraction pattern given by HE-SXRD. The specimen could be considered essentially austenitic above 550 °C during quenching and regarded as stress-free. The temperature sensitive coeﬃcient of thermal expansion for austenite, CTEγ , by linear ﬁtting in this temperature range, is estimated to be ∼2.36
(±0.16) × 10−5 K−1 (Fig. 8a), which is in good agreement with
previously reported experimental results [74,75]. The austenite lattice parameter deviates from its thermal contraction line when the
temperature drops below 550 °C (Fig. 8a), suggesting that strains
had already been generated due to phase transformation from
austenite to bainite. A larger deviation is observed while the temperature continues to decrease, and the transition temperature corresponds to Ms . This deviation remains almost unchanged during
partitioning, but then gradually decreases during ﬁnal cooling to
room temperature.
Regarding the BCC structured bainite/martensite, shown in
Fig. 8b, the coeﬃcient of thermal expansion, CTEα , is estimated
to ∼1.45 (±0.07) × 10−5 K−1 , which is larger than the reported
1.26 × 10−5 K−1 for stress-free martensite in [76]. In steels, the γ
iron is more closely packed than either BCC or BCT iron [77], thus
a volume expansion occurs when austenite transforms to bainite
and/or martensite. The results shown in Fig. 8 indicate that a compressive stress is generated in austenite because of a minor tensile stress generated in martensite/bainite via martensitic/bainitic
transformation. To some extent, this hydrostatic compressive stress
is thought to dynamically stabilize the RA upon martensitic transformation according to previous experimental observation [78].

Fig. 9. (a) The formation energy of γ (blue) and α /α ’ (red) as a function of temperature during cooling and (b) corresponding schematic drawing of phase transformations. Corresponding fraction of α /α ’ is plotted as the light-red line. The number
of atoms in the models do not represent the actual atomic positions and ratio (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article).

where Etot is the total energy of the system, EFe corresponds to the
energy of a single Fe atom in the bulk structure, and NFe corresponds to the total number of Fe atoms in the system.
Fig. 9a depicts calculated Ef of γ and α /α ’ at elevated temperatures, along with the fractions of α /α ’ phase. The carbon diffusion path is simpliﬁed and visualized in Fig. 9b. In general, the formation energy trends well agree with the temperature dependent
fraction of α /α ’ as given by the in-situ HE-SXRD determinations.
γ is stable and supposed to be predominant compared to α /α ’,
upon cooling from 900 °C to 350 °C (Ms ), ascertaining that the formation of ferrite and bainite during quenching is ascribed to the
non-uniform distribution of alloying elements. Below 350 °C, the
formation of carbon supersaturated α ’ becomes more energetically
favorable, leading to the transformation from γ to supersaturated
α ’. As a result, carbon has to migrate from the α /α ’ to γ to stabilize γ during partitioning, as demonstrated in Fig. 9b. Moreover,
the result shows that α /α ’ is more stable than carbon enriched RA
at room temperature, contributing to the TRIP effect. The above re-

3.3.2. DFT calculations on formation energies
To calculate the formation energy of γ and α /α ’ phases with
respect to temperature, the shape and volume of considered unit
cells are frozen in the DFT calculations and the presence of carbon
atoms and hydrostatic stress are not considered. The formation energy Ef of γ and α /α ’ unit cells are deﬁned as

Ef =

Etot − NFe EFe
NFe

(4)
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Fig. 10. The energy barrier proﬁles (left panel) and the schematic reaction pathway (right panel) for the carbon atom diffusion in the (a) γ and (b) α /α ’ at 350 °C (black
line) and at 175 °C (red dashed line). Iron and carbon atoms are colored in dark gray and red, respectively. IS, TS and FS represent the initial, transition (metastable) and
ﬁnal states of the considered system, respectively (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

sult is in line with the experimental determinations summarized in
Fig. 3.

terpart with a spacing of ∼2.35 Å. Therefore, the C atom needs to
diffuse from one interstitial site to another in the α /α ’ lattice via
two metastable (transition) states (Fig. 10, right panel) after climbing two energy barriers. On the contrary, in γ lattice, the C atom
can directly migrate from one interstitial position to another with
one energy barrier to overcome. This leads to a more complicated
diffusion path: carbon atom moves in an arc from one center site
of a Fe octahedron (IS) to the center of the neighboring site (FS) via
off-center sites (TS1 and TS2) (Fig. 10b, right panel). During the diffusion process, the carbon atom loses the energy to pull the nearby
Fe atoms out of their equilibrium positions (TS1 and TS2) by ∼0.25
Å at 350 °C and by ∼0.35 Å at 175 °C. In turns, these neighboring
Fe atoms changes the trajectory of carbon atom diffusion. The collision and friction of carbon atoms with Fe atoms are supposed to
be the main reason for the existence of a double energy barrier for
carbon diffusion in the α /α ’ lattice.
Importantly, according to experimental observations, activation
barriers for the carbon diffusion possesses non-linear behavior at
higher temperatures (starting from 500 K) while at low temperatures linear behavior is observed [80]. Therefore, despite the fact
that the ﬁrst energy barrier for the carbon atom diffusion in the α /
α ’ lattice is lower than that in the γ lattice, the existence of second energy barrier makes carbon diffusion in the γ lattice more favorable. This may explain the driving mechanism of carbon enrichment existing at the austenite/martensite interface observed experimentally along with well-known solubility equilibrium in γ and
α ’. The most probable hopping sites (Fig. 10b) of carbon atoms
indicate that the carbon atom can move in any direction in the
α /α ’ lattice. It smears out local distortions of α /α ’ structure along
all three a, b and c axes, leading to the macroscopically rapid collapse of c/a ratio of possible BCT martensite and the observed BCC
martensite. Also due to differences in carbon migration feasibilities, a noticeable enrichment of carbon in untransformed austenite
during Q&P has already started at ∼250 °C as observed above.

3.3.3. Carbon diffusion kinetics
The aforementioned agreement between DFT results and experimental observations serves solid computational ground for diffusion paths investigations. The CI-NEB method [52,53] is employed
to study the diffusion process of a single interstitial C atom in
the γ and α /α ’ lattices at the partitioning temperature 175 °C and
350 °C (MS ). The diffusion energy barrier estimated from a single
atom diffusion conﬁguration is considered to representing the upper bound for the actual diffusion dynamics of C atoms in dilute
Fe-C systems [34]. The energy barrier and the reaction pathways
of carbon diffusion in γ and α /α ’ lattices are shown in Fig. 10 and
Supplementary videos 2 and 3.
According to the energy minimization calculations, the most favorable occupied interstitial site for carbon atoms is the body center (1/2, 1/2, 1/2) of the γ lattice, IS in Fig. 10. In the γ lattice,
there is a direct path for the carbon atom diffusing from one interstitial position to another (Fig. 10a, right panel), i.e., from the body
center of one unit cell (IS) through TS to the body center of neighboring unit cell at FS. The calculated energy barrier for carbon diffusion in the γ lattice at 350 °C is 1.36 eV and increases to 1.66 eV
at 175 °C (Fig. 10a, left panel). Contrarily, the energy barrier for the
carbon diffusion in α /α ’ lattice keeps almost constant upon cooling
(Fig. 10b, left panel). More interestingly, two energy barriers turn
out for carbon diffusion in the α /α ’ lattice. These barriers are of a
magnitude ∼0.89 eV at 350 °C and ∼0.90 eV at 175 °C. The existence of two energy barriers for carbon diffusion in the α /α ’ lattice corresponds to its different structural conﬁguration from that
of the γ lattice. In general, a C atom needs to pass through two
neighboring Fe atoms to reach the adjacent octahedral sites in both
α /α ’ and γ lattices [79]. A distance of ∼2.88 Å between Fe-Fe nuclei on the C diffusion path is smaller in α /α ’ compared to that in
γ lattice (∼3.61 Å) at elevated temperatures (Fig. 10). Considering
the Fe atomic radius of 1.26 Å, the spacing to accommodate carbon diffusion shrinks to ∼1.62 Å in α /α ’ lattice, which is smaller
than the van der Waals radius of 1.70 Å of C, posing more diﬃculties for the carbon migration in α /α ’ lattice than in its γ coun-

4. Conclusions
To summarize, we have successfully studied phase transformation mechanisms with advanced characterization from in-situ HE9
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SXRD and DFT calculations concerning temperature impacts during Q&P with 0.3C low alloyed steel. The obtained conclusions are
listed as follows:

References
[1] J.G. Speer, D.V. Edmonds, F.C. Rizzo, D.K. Matlock, Partitioning of carbon from
supersaturated plates of ferrite, with application to steel processing and fundamentals of the bainite transformation, Curr. Opin. Solid State Mater. Sci. 8
(2004) 219–237, doi:10.1016/j.cossms.2004.09.003.
[2] M. Gouné, F. Danoix, S. Allain, O. Bouaziz, Unambiguous carbon partitioning
from martensite to austenite in Fe-C-Ni alloys during quenching and partitioning, Scr. Mater. 68 (2013) 1004–1007, doi:10.1016/j.scriptamat.2013.02.058.
[3] A.J. Clarke, J.G. Speer, M.K. Miller, R.E. Hackenberg, D.V. Edmonds, D.K. Matlock, F.C. Rizzo, K.D. Clarke, E. De Moor, Carbon partitioning to austenite from
martensite or bainite during the quench and partition (Q&P) process: A critical
assessment, Acta Mater. 56 (2008) 16–22, doi:10.1016/j.actamat.2007.08.051.
[4] M.J. Santoﬁmia, L. Zhao, R. Petrov, C. Kwakernaak, W.G. Sloof, J. Sietsma, Microstructural development during the quenching and partitioning process in
a newly designed low-carbon steel, Acta Mater. 59 (2011) 6059–6068, doi:10.
1016/j.actamat.2011.06.014.
[5] Y. Takahama, M.J. Santoﬁmia, M.G. Mecozzi, L. Zhao, J. Sietsma, Phase ﬁeld
simulation of the carbon redistribution during the quenching and partitioning
process in a low-carbon steel, Acta Mater. 60 (2012) 2916–2926, doi:10.1016/j.
actamat.2012.01.055.
[6] M.G. Mecozzi, J. Eiken, M.J. Santoﬁmia, J. Sietsma, Phase ﬁeld modelling of
microstructural evolution during the quenching and partitioning treatment
in low-alloy steels, Comput. Mater. Sci. 112 (2016) 245–256, doi:10.1016/j.
commatsci.2015.10.048.
[7] O. Dmitrieva, D. Ponge, G. Inden, J. Millán, P. Choi, J. Sietsma, D. Raabe, Chemical gradients across phase boundaries between martensite and austenite in
steel studied by atom probe tomography and simulation, Acta Mater. 59 (2011)
364–374, doi:10.1016/j.actamat.2010.09.042.
[8] Y. Toji, H. Matsuda, M. Herbig, P.P. Choi, D. Raabe, Atomic-scale analysis of carbon partitioning between martensite and austenite by atom probe tomography
and correlative transmission electron microscopy, Acta Mater. 65 (2014) 215–
228, doi:10.1016/j.actamat.2013.10.064.
[9] J. Speer, D.K. Matlock, B.C. De Cooman, J.G. Schroth, Carbon partitioning into
austenite after martensite transformation, Acta Mater. 51 (2003) 2611–2622,
doi:10.1016/S1359-6454(03)0 0 059-4.
[10] S. Allain, G. Geandier, J.-C. Hell, M. Soler, F. Danoix, M. Gouné, Effects of
Q&P Processing Conditions on Austenite Carbon Enrichment Studied by In
Situ High-Energy X-ray Diffraction Experiments, Metals (Basel) 7 (2017) 232,
doi:10.3390/met7070232.
[11] H. Ban, G. Shi, A review of research on high-strength steel structures, Proc.
Inst. Civ. Eng. Struct. Build. 171 (2018) 625–641, doi:10.1680/jstbu.16.00197.
[12] P. Kantanen, M. Somani, A. Kaijalainen, O. Haiko, D. Porter, J. Kömi, Microstructural characterization and mechanical properties of direct quenched and partitioned high-aluminum and high-silicon steels, Metals (Basel) 9 (2019) 256,
doi:10.3390/met9020256.
[13] G.A. Zhang, L. Zeng, H.L. Huang, X.P. Guo, A study of ﬂow accelerated corrosion
at elbow of carbon steel pipeline by array electrode and computational ﬂuid
dynamics simulation, Corros. Sci. 77 (2013) 334–341, doi:10.1016/j.corsci.2013.
08.022.
[14] J.N. Hall, J.R. Fekete, Automot. Steels, Steels for auto bodies, Elsevier (2017) 19–
45, doi:10.1016/B978- 0- 08- 100638- 2.00002- X.
[15] T. Makino, H. Sakai, C. Kozuka, Y. Yamazaki, M. Yamamoto, K. Minoshima,
Overview of fatigue damage evaluation rule for railway axles in Japan and fatigue property of railway axle made of medium carbon steel, Int. J. Fatigue.
132 (2020) 105361, doi:10.1016/j.ijfatigue.2019.105361.
[16] D. De Knijf, R. Petrov, C. Föjer, L.A.I. Kestens, Effect of fresh martensite on the
stability of retained austenite in quenching and partitioning steel, Mater. Sci.
Eng. A. 615 (2014) 107–115, doi:10.1016/j.msea.2014.07.054.
[17] A.J. Clarke, J.G. Speer, D.K. Matlock, F.C. Rizzo, D.V. Edmonds, M.J. Santoﬁmia,
Inﬂuence of carbon partitioning kinetics on ﬁnal austenite fraction during
quenching and partitioning, Scr. Mater. 61 (2009) 149–152, doi:10.1016/j.
scriptamat.2009.03.021.
[18] D.T. Pierce, D.R. Coughlin, D.L. Williamson, J. Kähkönen, A.J. Clarke, K.D. Clarke,
J.G. Speer, E. De Moor, Quantitative investigation into the inﬂuence of temperature on carbide and austenite evolution during partitioning of a quenched
and partitioned steel, Scr. Mater. 121 (2016) 5–9, doi:10.1016/j.scriptamat.2016.
04.027.
[19] G.A. Thomas, F. Danoix, J.G. Speer, S.W. Thompson, F. Cuvilly, Carbon atom redistribution during quenching and partitioning, ISIJ Int 54 (2014) 2900–2906,
doi:10.2355/isijinternational.54.2900.
[20] D.T. Pierce, D.R. Coughlin, D.L. Williamson, K.D. Clarke, A.J. Clarke, J.G. Speer,
E. De Moor, Characterization of transition carbides in quench and partitioned
steel microstructures by Mössbauer spectroscopy and complementary techniques, Acta Mater 90 (2015) 417–430, doi:10.1016/j.actamat.2015.01.024.
[21] E. Gamsjäger, R.E. Werner, W. Schiller, B. Buchmayr, Kinetics of the austeniteto-ferrite phase transformation - Simulations and experiments, Steel Res. Int.
85 (2014) 131–142, doi:10.10 02/srin.20120 0281.
[22] S. Allain, S. Aoued, A. Quintin-Poulon, M. Gouné, F. Danoix, J.-C. Hell,
M. Bouzat, M. Soler, G. Geandier, Situ Investigation of the Iron Carbide Precipitation Process in a Fe-C-Mn-Si Q&P Steel, Materials (Basel) 11 (2018) 1087,
doi:10.3390/ma11071087.
[23] X. Tan, Y. Xu, X. Yang, Z. Liu, D. Wu, Effect of partitioning procedure on microstructure and mechanical properties of a hot-rolled directly quenched and
partitioned steel, Mater. Sci. Eng. A. 594 (2014) 149–160, doi:10.1016/j.msea.
2013.11.064.

• The transformation from austenite to ferrite/bainite occurs at
relatively high temperature range during cooling at the applied
cooling rate, in in-situ HE-SXRD experiment, which was consistent with the dilatometer measurements on a Gleeble thermomechanical simulator.
• In-situ HE-SXRD-informed DFT calculations show that above
350 °C (Ms ) during cooling, γ phase should be predominant
compared to α /α ’, while upon further cooling from 350 °C, α /α ’
becomes more energetically favorable, leading to the martensitic transformation.
• DFT calculations reveal the existence of second energy barriers
in α /α ’, which favors carbon diffusion to untransformed austenite. This might lead to the carbon enrichment, observed experimentally, into untransformed austenite occurring at existing austenite/martensite interfaces concurrently with martensitic transformation.
• DFT calculations based on the structural model obtained
through the in-situ HE-SXRD measurement reveal the difference
in mechanisms and/or the transformation pathway of carbon
diffusion in low and high C austenite. It is shown that upon diffusion from one site to another in the α /α ’ lattice, the carbon
atom is going through the metastable states which makes carbon diffusion paths more complicated compared to that in the
γ lattice. This explains the in-situ observation of cubic martensite ascribed to the rapid collapse of the c/a ratio by carbon
diffusion.
• Microstructural characterization veriﬁes the presence and morphologies of different phases as indicated by the HE-SXRD results: both low carbon blocky RA and ﬁlm-like high carbon
RA between martensitic laths, bainite sheaves and martensite
formed at different stages during Q&P.
Declaration of Competing Interest
The authors declare that they have no known competing ﬁnical
interesting or personal relationships that could have appeared to
inﬂuence the work reported in this paper.
Acknowledgement
The authors gratefully acknowledge the ﬁnancial support of
Academy of Finland grant #311934. We also thank Mr. Tun Tun
Nyo for the assistance in sample preparation for synchrotron Xray diffraction experiment and microstructure characterizations,
Mr. Jussi Paavola for the assistance in hot rolling, and Dr. Romain
Botella for commenting the manuscript. Computational resources
were provided by CSC – IT Center for Science, Finland. Part of the
work was carried out with the support of the Centre for Material
Analysis, University of Oulu, Finland. Part of the research described
in this paper was performed at the Canadian Light Source, a national research facility of the University of Saskatchewan, which is
supported by the Canada Foundation for Innovation (CFI), the Natural Sciences and Engineering Research Council (NSERC), the National Research Council (NRC), the Canadian Institutes of Health
Research (CIHR), the Government of Saskatchewan, and the University of Saskatchewan.
Supplementary materials
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.actamat.2021.117361.
10

S. Wang, A.A. Kistanov, G. King et al.

Acta Materialia 221 (2021) 117361
[51] S.J. Lee, Y.K. Lee, A. Soon, The austenite/ε martensite interface: A ﬁrstprinciples investigation of the fcc Fe(1 1 1)/hcp Fe(0 0 0 1) system, Appl. Surf.
Sci. 258 (2012) 9977–9981, doi:10.1016/j.apsusc.2012.06.059.
[52] G. Henkelman, B.P. Uberuaga, H. Jónsson, Climbing image nudged elastic band
method for ﬁnding saddle points and minimum energy paths, J. Chem. Phys.
113 (20 0 0) 9901–9904, doi:10.1063/1.1329672.
[53] Z.H. Jin, S.T. Dunham, H. Gleiter, H. Hahn, P. Gumbsch, A universal scaling of
planar fault energy barriers in face-centered cubic metals, Scr. Mater. 64 (2011)
605–608, doi:10.1016/J.SCRIPTAMAT.2010.11.033.
[54] S. Arrhenius, Über die Reaktionsgeschwindigkeit bei der Inversion von
Rohrzucker durch Säuren, Zeitschrift Für Phys. Chemie. 4U (1889) 226–248
https://doi.org/doi:10.1515/zpch-1889-0416.
[55] J.H. Jang, I.G. Kim, H.K.D.H. Bhadeshia, ε -Carbide in alloy steels: First-principles
assessment, Scr. Mater 63 (2010) 121–123, doi:10.1016/J.SCRIPTAMAT.2010.03.
026.
[56] J.G. Speer, E. De Moor, K.O. Findley, D.K. Matlock, B.C. De Cooman, D.V. Edmonds, Analysis of microstructure evolution in quenching and partitioning automotive sheet steel, in: Metall. Mater. Trans. A Phys. Metall. Mater. Sci. (2011)
3591–3601 Springer, doi:10.1007/s11661-011-0869-7.
[57] M. Zhang, L. Li, R.Y. Fu, D. Krizan, B.C. De Cooman, Continuous cooling transformation diagrams and properties of micro-alloyed TRIP steels, Mater. Sci. Eng.
A. (2006) 296–299 438–440, doi:10.1016/j.msea.2006.01.128.
[58] J. Epp, T. Hirsch, C. Curfs, In situ X-ray diffraction analysis of carbon partitioning during quenching of low carbon steel, Metall. Mater. Trans. A Phys. Metall.
Mater. Sci. 43 (2012) 2210–2217, doi:10.1007/s11661- 012- 1087- 7.
[59] C. Garcia-Mateo, J.A. Jimenez, H.W. Yen, M.K. Miller, L. Morales-Rivas, M. Kuntz,
S.P. Ringer, J.R. Yang, F.G. Caballero, Low temperature bainitic ferrite: Evidence
of carbon super-saturation and tetragonality, Acta Mater 91 (2015) 162–173,
doi:10.1016/j.actamat.2015.03.018.
[60] O.D. Sherby, J. Wadsworth, D.R. Lesuer, C.K. Syn, Revisiting the Structure of
Martensite in Iron-Carbon Steels, Mater. Trans. 49 (2008) 2016–2027, doi:10.
2320/matertrans.MRA2007338.
[61] L. Guo, H.K.D.H. Bhadeshia, H. Roelofs, M.I. Lembke, In situ synchrotron Xray study of bainite transformation kinetics in a low-carbon Si-containing
steel, Mater. Sci. Technol. (United Kingdom). 33 (2017) 2147–2156, doi:10.1080/
02670836.2017.1353669.
[62] N. Maruyama, S. Tabata, H. Kawata, Excess Solute Carbon and Tetragonality in As-Quenched Fe-1Mn-C (C:0.07 to 0.8 Mass Pct) Martensite, Metall.
Mater, Trans. A Phys. Metall. Mater. Sci. 51 (2020) 1085–1097, doi:10.1007/
s11661- 019- 05617- y.
[63] F. HajyAkbary, J. Sietsma, G. Miyamoto, T. Furuhara, M.J. Santoﬁmia, Interaction of carbon partitioning, carbide precipitation and bainite formation during
the Q&P process in a low C steel, Acta Mater 104 (2016) 72–83, doi:10.1016/j.
actamat.2015.11.032.
[64] M.J. Santoﬁmia, T. Nguyen-Minh, L. Zhao, R. Petrov, I. Sabirov, J. Sietsma, New
low carbon Q&P steels containing ﬁlm-like intercritical ferrite, Mater. Sci. Eng.
A. 527 (2010) 6429–6439, doi:10.1016/j.msea.2010.06.083.
[65] G.A. Thomas, J.G. Speer, D.K. Matlock, Quenched and partitioned microstructures produced via Gleeble simulations of hot-strip mill cooling practices, in:
Metall. Mater. Trans. A Phys. Metall. Mater. Sci. (2011) 3652–3659 Springer,
doi:10.1007/s11661-011-0648-5.
[66] D.H. Sherman, S.M. Cross, S. Kim, F. Grandjean, G.J. Long, M.K. Miller, Characterization of the carbon and retained austenite distributions in martensitic
medium carbon, high silicon steel, Metall. Mater. Trans. A Phys. Metall. Mater.
Sci. 38 (2007) 1698–1711, doi:10.1007/s11661-007- 9160- 3.
[67] S. Morito, K. Oh-Ishi, K. Hono, T. Ohba, Carbon enrichment in retained austenite ﬁlms in low carbon lath martensite steel, ISIJ Int 51 (2011) 1200–1202,
doi:10.2355/isijinternational.51.1200.
[68] M. Yaso, S. Hayashi, S. Morito, T. Ohba, K. Kubota, K. Murakami, Characteristics
of Retained Austenite in Quenched High C-High Cr Alloy Steels, Mater. Trans
50 (2009) 275–279, doi:10.2320/MATERTRANS.MRA2008161.
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