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A combined 3D-atomic/nanoscale comprehension
and ab initio computation of iron carbide
structures tailored in Q&P steels via Si alloying

Sumit Ghosh, (2 *@ Khushboo Rakha, €2 ® Assa Aravindh Sasikala Devi, €
Shahriar Reza, (2 @ Sakari Pallaspuro, (2@ Mahesh Somani, {22 Marko Huttula 2 ¢ and
Jukka Koémi (2@

The essences of the quenching and partitioning (Q&P) process are to stabilize the finely divided retained
austenite (RA) via carbon (C) partitioning from supersaturated martensite during partitioning. Competitive
reactions, i.e., transition carbide precipitation, C segregation, and decomposition of austenite, might take
place concurrently during partitioning. In order to maintain the high volume fraction of RA, it is crucial to
suppress the carbide precipitation sufficiently. Since silicon (Si) in the cementite 6 (FesC) is insoluble,
alloying Si
Consequently, C partitioning facilitates the desired chemical stabilization of RA. To elucidate the mecha-

in adequate concentrations prolongs its precipitation during the partitioning step.
nisms of formation of transition 5 (Fe,C) carbides as well as cementite, 8 (FesC), besides the transform-
ation of transition carbides to more stable ¢ during the quenching and partitioning (Q&P) process,
samples of 0.4 wt% C steels tailored with different Si contents were extensively characterized for micro-
structural evolution at different partitioning temperatures (Tp) using high resolution transmission electron
microscopy (HR-TEM) and three-dimensional atom probe tomography (3D-APT). While 1.5 wt% Si in the
steel allowed only the formation of 5 carbides even at a high Tp of 300 °C, reduction in Si content to
0.75 wt%% only partially stabilized n carbides, allowing limited  — 6 transformation. With 0.25 wt% Si, only 0
was present in the microstructure, suggesting a  — € transition during the early partitioning stage, fol-
lowed by coarsening due to enhanced growth kinetics at 300 °C. Although 5 carbides precipitated in mar-
tensite under paraequilibrium conditions at 200 °C, 6 carbides precipitated under negligible partitioning
local equilibrium conditions at 300 °C. Competition with the formation of orthorhombic 1 and € precipi-
tation further examined via ab initio (density functional theory, DFT) computation and a similar probability
of formation/thermodynamic stability were obtained. With an increase in Si concentration, the cohesive
energy decreased when Si atoms occupied C positions, indicating decreasing stability. Overall, the
thermodynamic prediction was in accord with the HR-TEM and 3D-APT results.

et al., involves austenitizing the steel, interrupted quenching it
to a temperature (Tg) between the martensite start (M) and

The quenching and partitioning (Q&P) treatment has gained
considerable attention due to its ability to impart a superior
combination of ultimate tensile strength and elongation to
fracture, as stipulated in 3™ generation (3G) advanced high-
strength steels."™* The Q&P process, first proposed by Speer
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finish (M) temperatures, followed by holding for an appropri-
ate time (P,) at a preferred partitioning temperature (Tp; often
Tp > Tq) to permit the carbon (C) atoms to partition from mar-
tensite to untransformed austenite.” Further cooling to room
temperature (RT) can then fully or partially stabilize the
C-enriched austenite."”” The stabilized austenite is often finely
distributed as lath-like, thin film interlayers between martensi-
tic laths or as tiny pools between the blocks of martensite.
While the martensite matrix conveys the required ultrahigh
strength in the steel, the requisite elongation and work hard-
ening are imparted by the thin films of austenite divided
finely between the martensitic laths due to the opportunity of
the transformation-induced plasticity (TRIP) effect."” During

This journal is © The Royal Society of Chemistry 2023
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partitioning, C atoms are redistributed, and this has long been
a matter of scientific interest. Besides C partitioning, a
number of additional microstructural processes, including
austenite decomposition into bainite or isothermal marten-
site, tempering of martensite, clustering of C atoms, and
carbide precipitation, also became apparent during the Q&P
processing.®'° Final cooling sometimes leads to the formation
of a fraction of untempered high-C martensite from the
carbon-enriched austenite depending on its stability. In
general, a fraction of C atoms available for partitioning is
often trapped in the martensite due to clustering or locking at
the dislocation walls or other defects or otherwise participate
in carbide formation."'™* In the course of partitioning,
carbide precipitation can also occur due to partial decompo-
sition of austenite enriched with C, in addition to tempering
of martensite."*™* It is essential to effectively hinder carbide
precipitation during the Q&P treatment in order to retain a
desired volume fraction of retained austenite (RA) with good
stability. The presence of coarse carbides in steel is undesir-
able for many engineering applications since these can often
worsen the mechanical properties, especially with regard to
fatigue and fracture toughness.""” Like in TRIP steels, Si and/
or Al are purposefully alloyed to avoid the carbide reaction
and/or austenite decomposition, unlike in the case of
tempering.>'®'® However, high-Si steels may develop an unde-
sirable adherent fayalite layer (red scale) on the surface under
specific conditions of hot rolling.>® Hence, considerable indus-
trial interest in the Q&P concept led to the optimization of
steel alloying in order to prevent the formation of these car-
bides as well as improve the surface quality and properties.
Still, the nature and types of initial transition carbides formed
during the early stages of low-temperature partitioning and/or
tempering of steels constitute a matter of debate, as there is
still no general agreement so far. Moreover, the effect of Si on
the characteristics and kinetics of transition carbide precipi-
tation is still imprecise. In Q&P steels, Si (and/or Al) addition
in desired amounts can prevent the occurrence of precipitation
and growth of Fe;C (6) during the partitioning treatment.'®?
Kim et al. examined the effect of Si on the C partitioning
process in 1 wt% C steels with or without 2 wt% Si addition.>?
They clarified that the precipitation of carbide did occur inde-
pendent of the Si content; however, the rate and extent of the
precipitation varied with the Si content. This occurrence was
most likely due to relatively high C content in the steel, but Si
addition did enhance austenite stabilization during partition-
ing in addition to delaying the decomposition process.
Moreover, it has been reported that Si does increase the stabi-
lity of transition e-carbide (Fe, 4C).>* According to HajyAkbary
et al., prior to the partitioning, immediately after the initial
quenching of 0.3C-1.6Si steel e-carbide precipitation
occurred.” They claimed that the main reason for lower C par-
titioning than predicted by thermodynamic simulations was
due to carbide formation. Using Mdssbauer spectroscopy (MS),
Pierce et al. investigated the precipitation of iron carbides in
Q&P-treated 0.38C-1.48Si steel and demonstrated the concomi-
tant precipitation of n-carbide alongside the C partitioning.**
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Although several investigations were conducted to elucidate
different variants of transition carbides, utilizing high resolu-
tion transmission electron microscopy (HR-TEM) and MS, the
likely presence of C clusters prior to the precipitation of tran-
sition carbides might have been influenced by TEM and MS
data.”*** The direct demonstration of the identification of C
atoms segregating to lattice defects within martensite was first
provided by Miller et al. using atom probe field ion microscopy
(AP-FIM).>® Most recently, the modern three-dimensional atom
probe tomography (3D-APT) technique is capable of resolving
not only the distribution effectively, but can also illustrate the
3D distribution of substitutional solute elements through the
carbide-ferrite/martensite and/or carbide-austenite interfaces.
By understanding the interplay between the type of carbide
and C distribution at the matrix/precipitate interface, the Q&P
conditions can be precisely tailored for a given composition to
achieve the optimized combination of mechanical properties.

The major goals of the current work are to comprehend the
stability and growth characteristics of transition carbides
formed during the Q&P process of 0.4 wt% C steels containing
different Si contents and to clarify the influence of Si on C par-
titioning as well as austenite decomposition, besides the evalu-
ation of different types of carbides formed during Q&P treat-
ments. Another objective was to investigate the feasibility of
using a low-temperature partitioning step in order to be able
to lower the Si level in the steel through detailed quantitative
and qualitative microstructural characterisation. Thus,
advanced microstructural characterisation techniques, viz.
HR-TEM and 3D-APT, were employed to elucidate the for-
mation of different types of carbides, C distribution, and segre-
gation during different conditions of Q&P treatments.
Moreover, ab initio (density-functional theory, i.e., DFT) calcu-
lations were conducted to evaluate the thermodynamics
related to the formation of orthorhombic transition carbide 5
and its competition with the precipitation of stabler ortho-
rhombic € carbide (i.e., cementite). Furthermore, the feasibility
of n carbide and the configuration of C atoms in orthorhombic
n carbide were further examined in terms of thermodynamic
simulations.

Experimental section

Alloy selection

For this work, three medium C (0.4 wt% C) steels with various
Si concentrations (i.e., 0.25, 0.75, and 1.5 wt%) were designed.
Vacuum-cast ingots weighing 70 kg were obtained from OCAS,
Belgium. Table 1 displays the chemical compositions of the

Table 1 Materials composition (wt%)

Steel code C Mn Si Al Cr Ni
High—Si 0.4 2.05 1.51 0.02 1.0 0.5
Medium-Si 0.4 2.04 0.68 0.02 1.0 0.5
Low-Si 0.4 2.02 0.25 0.02 1.0 0.5
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three experimental steels used in this study. While the C
content was estimated using combustion analysis, the other
alloying elements were determined by spark-optical emission
spectroscopy.

Materials processing

A 1-MN Carl Wezel rolling mill was used for hot-rolling the
experimental steel blocks of dimensions 200 x 80 x 60 mm to
12 mm thick plates, after soaking at 1200 °C for 2 h.
Cylindrical specimens of @ 6 x 9 mm were sectioned from
rolled plates for conducting physical simulation experiments
and dilatation measurements using a Gleeble® 3800 thermo-
mechanical simulator. A schematic test plan displaying Q&P
simulation experiments carried out for all three experimental
steels is illustrated in Fig. 1. All the samples were reheated at
20 °C s™' to an austenitization temperature of 1100 °C, held
for 120 s, and then cooled at 30 °C s™" to a desired quenching
temperature in the M-M; range. A quench interruption temp-
erature (Tq) of 150 °C was chosen based on the linear analysis
of preliminary Q&P tests in order to achieve ~80% martensite
prior to partitioning at two different temperatures (7p ~300
and 200 °C). To prevent extensive carbide precipitation and/or
growth, as well as austenite to bainite decomposition during
isothermal holding, partitioning was carried out at a relatively
low temperature. A constant partitioning time (P, of 1000 s
was selected to examine the effect of partitioning time (P,) on
the microstructural processes at various Tp temperatures. For
each of the experimental steps consisting of cooling from aus-
tenitization temperature to the desired Tq in the M-M; temp-
erature range, reheating to Tp at 200 and 300 °C s7!, sub-
sequent partitioning at Tp for P, = 1000 s, and final cooling to
RT at 30 °C s, the dilatometer data were recorded.

Characterisation

High resolution transmission electron microscopy
(HR-TEM) investigation. TEM examination was performed
using a JEOL 2200FS EFTEM/STEM operated at 200 kV provid-
ing significant resolution at high magnification, thus enabling
in-depth elucidation of the sub-structure formed as a conse-

quence of employed Q&P treatments. To prepare the sample

[ 1100 °C, 120 s

9]

Tp = 300°C, P= 1000s
M=280 °C

v -

200 °C, 1000 s

Temperature (

TQ— 150°C, 1s

Time (s)

Fig. 1 Gleeble Q&P treatment schedules.
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for TEM, the Q&P specimens were first sectioned in the centre
along their length close to the thermocouple position. By
employing the focused ion beam (FIB) technique, cross-sec-
tional thin lamellas were sectioned out from the specific
locations of interest on the specimens. Chemical mapping
using energy dispersive X-ray spectroscopy (EDS) was per-
formed during scanning transmission electron microscopy
(STEM) to analyse the compositional differences in some
specimens with reference to the carbides present in the steels.

Three-dimensional atom probe tomography (3D-APT) ana-
lyses. APT experiments were performed at National Facility for
APT (NFAPT), IIT Madras, India, operated remotely from IIT
Ropar, Punjab, India. Area-specific needle-shaped APT speci-
mens were prepared using FIB lift out procedures using a
dual-beam Helios G4 UX. 3D-APT experiments were conducted
using a local electrode atom probe (LEAP) 5000 XR with a laser
wavelength of 355 nm (UV). The specimen temperature was
maintained at a cryogenic temperature of 60 K in an ultrahigh
vacuum (5E-11 torr) chamber. Field evaporation was per-
formed in laser pulsing mode with a pulse frequency of 200
kHz, a pulse energy of 30 p]J, and at a target evaporation rate of
0.5% ions per field evaporation pulse. The ions and their
specific locations were identified by their mass-to-charge ratio
and impact position on the position-sensitive detector. Data
reconstruction and analysis for APT were executed using the
integrated visualization and analysis software (IVAS 3.8.4) of
Cameca Instruments Inc. Proximity histograms along with iso-
concentration surfaces were constructed at various carbon con-
centrations in order to ascertain the local chemical compo-
sitions. Different regions of interest were selected for local
compositional analysis.

First-principles density functional theory (DFT) simulations.
DFT simulations were carried out using the VASP (Vienna Ab
initio Simulation Package)’>*” code to gain an insight into the
experimental observations. A kinetic energy cut-off 520 eV was
used for describing the plane waves included in the basis set.
The exchange and correlation relationship were described
using the generalized gradient approximation (GGA) within
the projector augmented wave method (PAW) and the Perdew—
Burke-Ernzerhof functional (PBE).>®**° The energy and force
tolerances were specified as 1E-06 eV and 1E-03 eV A~
respectively. For the Brillouin zone integration of Fe;C,
Gamma-centred k-grids of dimensions 3 x 2 x 4 and 3 x 3 x 2
were used for 2 x 2 x 2 and 2 x 2 x 4 supercells, respectively.
For Fe,C, Gamma-centred k-grid of dimensions 2 x 1 x 4 was
used for a 4 x 4 x 1 supercell.

Results

Characterisation of microstructures and iron carbide
precipitates through TEM

Both TEM bright and dark field (BF and DF) imaging tech-
niques together with nano beam diffraction (NBD) were used
to characterise the complex martensitic-austenitic microstruc-
tures, as well as different carbides. Fig. 2a presents the BF

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) TEM BF micrograph recorded on a high-Si steel P, for 1000 s
at 300 °C, (b) higher magnification image of the chosen region as
marked (yellow box) in (a), (c) DF micrograph recorded on the selected
encircled (—1-11) RA spot as marked in the NBD pattern shown in the
inset of (c), (d) higher magnification micrograph of the marked section
(green box) as denoted in (a), and (e) DF micrograph recorded on the
selected encircled (210) 5 carbide spot shown in the NBD pattern in (f).

micrograph of a high-Si steel specimen P; for 1000 s at 300 °C,
showing the typical martensitic lath structure along with
traces of transformation twins.

A higher magnification picture of the selected location, as
marked in Fig. 2a, is shown in Fig. 2b, which reveals the fea-
tures of martensitic laths along with interlath RA. The corres-
ponding DF image, as presented in Fig. 2c, recorded using the
(=1-11) diffraction spot in the NBD pattern recorded on the
[110]ra zone axis (inset), distinctly reveals finely divided inter-
lath RA films together with pool-like structures. In Fig. 2a,
twinned martensite identified in the microstructure is possibly
due to the formation of untempered high-C martensite from
C-enriched austenite at lower temperatures during the final
cooling. It is well known that the martensitic transformation
in high/medium C steels often accompanies twinning to
accommodate the transformation of strains.*>® Apart from mar-
tensite and RA, the presence of fine carbide precipitates inside
the martensite laths is evident in some locations, as revealed
more clearly in the higher magnification BF image of the
location marked in Fig. 2a and shown in Fig. 2d. The corres-
ponding DF image is shown in Fig. 2e recorded using the (210)
diffraction spot of the NBD pattern in the [001], zone axis
(Fig. 2f). The carbide precipitates with the typical wave-like
character were identified as 7 carbides (Fe,C) having an ortho-
rhombic crystal structure and orientation relationships of
[100],]I[001], and (101),]|(110), with the martensitic matrix.*"
The interplanar spacing determined using the NBD pattern
based on the [001], zone axis (Fig. 2f) confirms the formation
of orthorhombic 5 carbide. Cementite (¢) was not observed in
this specimen.

A TEM BF micrograph of the medium-Si steel sample parti-
tioned at 300 °C is shown in Fig. 3a, which shows typical mar-
tensite laths together with interlath RA. The corresponding DF
image (Fig. 3b) was recorded using the (200) diffraction spot of

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) TEM BF micrograph recorded on a medium-Si steel P, for
1000 s at 300 °C, (b) DF micrograph recorded from the selected
encircled RA spot as marked in the NBD pattern in (c), (d) higher mag-
nification micrograph of the marked section (green rectangle) as
denoted in (a), (e) NBD pattern of 6 recorded on the [010] zone axis and
presented schematically in (f), (g) DF micrograph recorded from the
selected encircled 6 spot in the NBD pattern in (e), (h) NBD pattern of »
carbide recorded on the [121], zone axis and presented schematically in
(i), and (j—l) DF micrographs recorded from the respective » carbide
spots marked as 1, 2, and 3 in the NBD pattern of (h).

the NBD pattern based on the [110]zs zone axis (Fig. 3c),
revealing the finely divided interlath RA. A slightly lower pro-
portion of RA in comparison with to that of the high-Si steel
treated with the same Q&P parameters (Fig. 2¢) is evident from
Fig. 3b. The volume fractions of the RA of the similar Q&P-
treated specimens quantified by XRD and reported in our
earlier work are in agreement with the TEM results.® Fine car-
bides precipitated inside the martensite laths are apparent, as
seen in Fig. 3a, marked by a green rectangle. Fig. 3d presents
the high magnification image of the corresponding green rec-
tangle region, as depicted in Fig. 3a, which was recorded on
the [113], zone axis. Two different carbide variants are
revealed; one with precipitation as fine platelets inside the
martensite laths, and the other as coarse precipitates in the
interlath/boundary regions (Fig. 3d). The corresponding NBD
patterns (green circles in Fig. 3d) are presented in Fig. 3e and
h, respectively. The corresponding schematic index diagrams
of the two NBDs are presented in Fig. 3f and i. The orientation

Nanoscale, 2023, 15, 10004-10016 | 10007
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relationship of @ precipitates with the martensite matrix was
identified as [113],]|[010],, and the recorded diffraction
pattern in Fig. 3e was consistent with this relationship, as also
schematically indexed in Fig. 3f.*!

On the other hand, 5 carbides have the orientation relation-
ship with the matrix such that [113],]/[121],,*" which is evident
from the corresponding NBD in Fig. 3h and the respective
schematic indexing in Fig. 3i. Overall, this observation indi-
cates that fine precipitation of 5 carbide occurred inside the
martensite laths, together with the occurrence of 6 platelets in
the interlath areas. The corresponding existence of interlath 0
was identified in the TEM DF image, as shown in Fig. 3g,
recorded on the encircled NBD spot in Fig. 3e. Presumably,
this is an effect of the medium level of Si (0.75%) in the steel
in comparison with that of the high-Si steel (1.5% Si). The
TEM DF images presented in Fig. 3j-i confirmed the presence
of n carbides, recorded from three respective NBD spots
marked as 1, 2, and 3 in Fig. 3h. In spite of carbide precipi-
tation, significant RA fraction was still stabilized at RT
(Fig. 3b). Fig. 4a shows the TEM BF micrograph of the low-Si
steel Tp at 300 °C, showing numerous precipitations of car-
bides in martensitic laths, obviously because of the low Si
content (0.25%) in the steel in comparison with those of
medium-Si (0.75%) and high-Si (1.5%) steels. Fig. 4b presents
a magnified view of the corresponding region indicated by a
green square in Fig. 4a. The NBD (Fig. 4c) was recorded in the
coarse interlath carbide region, as marked by green coloured
circles in Fig. 4b. The DF image (inset in Fig. 4b) captured
from the selected spot, marked by a red circle in the NBD

Zone axis 011,
Zone axis 001,

8. (122),%211),

(23, 9(020),

Fig. 4 (a) TEM BF micrograph recorded on a low-Si steel P, for 1000 s
at 300 °C, (b) higher magnification image of the marked region (green
square) in (a), the inset image depicts the DF micrograph recorded on
the spot marked with a red circle in the NBD pattern of 6 recorded on
the [011] zone axis (c) and presented schematically in (d).
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pattern recorded along the [011], zone axis (Fig. 4c), clearly
shows the presence of only € carbides both in intra- and inter-
lath positions. The NBD pattern has been further schemati-
cally presented in Fig. 4d with complete indexing both for mar-
tensite along the [001], zone axis and for 6 on the [011], zone
axis, confirming the existence of only 6 precipitates in the
microstructure. Furthermore, relatively larger 6 plates were
found to be dispersed in tempered martensite, indicating the
unhindered growth of 6 precipitates during the partitioning
process at 300 °C, apparently due to the low Si content in the
steel.

Furthermore, representative TEM BF micrographs have
been recorded on all the steels partitioned at 200 °C for 1000
s, together with recording of NBD patterns from the corres-
ponding carbide region as marked by green coloured circles
and DF imaging of selected diffraction spots corresponding to
the respective carbides present in the high-, medium- and low-
Si steels. The results are summarized in Fig. 5a-i. Martensitic
laths containing nanosized carbides were present in all the
steels regardless of their Si contents, as can be seen in the BF
micrographs of high-, medium-, and low-Si steels, as depicted
in Fig. 5a, d and g, respectively. The NBD patterns of carbide
precipitates detected in all the three steels revealed an ortho-
rhombic 5 carbide structure (Fig. 5c, f and ifor the high-,
medium- and low-Si steels, respectively). The interplanar
spacing calculated from the NBD patterns on the [001] and
[101] zone axes confirmed the existence of 5 carbides.
However, § was not detected in the interlath sites of any speci-
mens including the low-Si steel. As the Si content decreased

Fig. 5 (a, d, and g) TEM BF micrographs recorded on high-, medium-,
and low-Si steel specimens, respectively, P; for 1000 s at 200 °C and (b,
e, and h) DF micrographs captured from the selected diffraction spots of
RA marked with red circles in the corresponding NBD patterns (c, f, and
i) of high, medium and low-Si steel specimens, respectively.

This journal is © The Royal Society of Chemistry 2023
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from high-Si to low-Si steels, their respective n carbide frac-
tions surged correspondingly.

Overall, these results indicate that Si functions as a poten-
tial graphitizing agent, which promotes partitioning of C from
the supersaturated martensite to untransformed austenite,
enabling its stabilization at RT. Earlier studies®*"' concluded
that high Si levels in the steel inhibit cementite formation but
have only marginal effect on transition carbide precipitation.
One previous study®” has suggested the formation of transition
e-carbides, which become more stable in the presence of a
high Si concentration. In contrast to this, our study illustrates
the formation of orthorhombic n-carbides in the steel. The
evolution of orthorhombic n-carbide was also reported by
Pierce et al. for a 0.38C-1.54Mn-1.48Si steel quenched at
225 °C, followed by partitioning at 400 °C.** It is certainly
possible to prevent or postpone carbide formation, if there is
an adequately high content of Si in the given steel. However, it
cannot be fully inhibited during prolonged partitioning at a
particular temperature. In particular, it should be noted that a
heterogeneous distribution of carbides was observed across
the martensite laths and the precipitation of  carbides mainly
took place inside the martensitic laths. Because a fine crystal
offers better chances for C to escape from the interlath RA
films (clustering) and equilibrate prior to precipitation.
However, locking of C atoms at dislocations and the lack of an
interlath untransformed austenite film might lead to carbide
precipitation, since C atoms would then have no immediate
sinks.

Compositional analysis

Fig. 6a and d depict high resolution STEM images of the low-
Si steel partitioned at 300 and 200 °C for 1000 s, respectively.
STEM images are recorded along the [011] and [001] zone axes,
respectively, and corresponding EDS elemental maps of C, Mn,
Si, Ni and Fe are presented in Fig. 6a and d, respectively. C
mainly got enriched inside the 6 and 5 carbides, while Fe was
depleted in these regions. The distribution of Mn seems to be
rather homogeneous throughout the measured regions, while
Si and Ni are slightly depleted in 6 carbides (Fig. 6a) but
almost homogeneous in 7 carbides (Fig. 6d). STEM-EDS
measurements, however, can only provide a fairly qualitative
confirmation of the elemental distribution. Furthermore, EDS
spot analyses were conducted both on the matrix and 6/5
carbide, as marked 1 and 2, respectively, in Fig. 6a and d to
check the compositional differences. The corresponding EDS
spectra are presented in Fig. 6b,c, e and f respectively. It was
noticed that the C concentration within the 6 precipitate was
~4.81 wt%, whereas it reached ~8.92 wt% in the case of 7
carbide.

On the other hand, the Si concentration in 6 was found to
be much lower compared to that of the matrix, indicating that
Si atoms were rejected from 6. The concentration of Si seemed
depleted to ~0.14 wt% in 6 carbide compared to an average
value of ~0.36 wt% in the matrix. However, the concentration
seemed practically unchanged (0.25 wt%) in the case of z
carbide. The solubility of Si in 6 is known to be negligibly
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Fig. 6 (a) TEM BF micrograph recorded on a low-Si steel P at 300 °C
for 1000 s, and the corresponding EDS maps showing the spatial distri-
bution of C, Mn, Si, Ni, and Fe, (b and c) STEM-EDS spectra (spot ana-
lysis) collected from the matrix (b) and nanoprecipitate (c), respectively,
as marked in (a), (d) TEM BF micrograph showing 5 carbides in the low-Si
steel P, for 1000 s at 200 °C, and the corresponding EDS maps showing
the spatial distribution of C, Mn, Si, Ni, and Fe, and (e and f) STEM-EDS
spectra (spot analysis) collected from the matrix () and nanoprecipitate
(f), respectively as marked in (d).

small and, hence, during partitioning, Si was rejected from 6
in sharp contrast to nearly unchanged Si concentration in 7
carbide, suggesting its nearly complete solubility. This obser-
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vation is consistent with the previous investigation, where it
was assumed that an aging time on the order of one year was
necessary for the precipitation of transition carbides.*"

Identification of C-rich regions through 3D-APT

The 3D-APT atom maps as presented in Fig. 7a show the
atomic scale distribution of different elemental alloys among
different phase constituents (austenite/martensite) including
the carbides in the medium-Si steel specimen partitioned at
300 °C. The existence of C-rich regions/carbides with different
morphologies was clearly noticed in the C atom map. The
enrichment of Cr and Mn inside the C-rich regions is clearly
evident from the Cr and Mn atom maps (Fig. 7a). This obser-
vation is in accordance with their carbide forming
tendencies.***® In contrast, Si and Ni, the non-carbide-
forming elements, were expected to be depleted from the car-
bides/C-rich region. However, Si and Ni are also found to be
concentrated slightly inside the carbides/C-rich region. A
phenomenon known as local magnification effect is attributed
to be the reason behind this observation.?> Detection of these
atoms inside carbides is higher due to the lower evaporation
field than the surrounding matrix. Even though this artefact
affects the position and/or width of the interface, it does not
have significant impact on the elemental concentration inside
the carbide.?*

Fig. 7b—e show the iso-concentration surfaces with varied C
thresholds, i.e., 1.8 at% (nominal C), 5 at%, 8 at%, and 12
at%. The C-gradients around the C-rich features are observed
in different at% C iso-concentration surface maps. Apart from
C-rich features, the C concentration in the matrix is low (~1.8
at%), which supports its identification as a martensitic region.
Furthermore, two different morphologies of C-rich features
with different size scales were located inside the martensite
region in Fig. 7c: (i) an ultrafine film-like morphology with
~5 nm thickness was located at the top corner and (ii) a
slightly coarser morphology with ~20 nm thickness was
located at the central region and at the bottom corner.

Fig. 7f shows an enlarged view of the C atom map presented
in Fig. 7a. At the top corner side of the 3D-APT map (Fig. 7f), a
C-enriched area (thickness ~5 nm) with a film-like morphology
is located near the tip, as marked by the dashed lines. The 1D
concentration profiles of C and other alloying elements were
extracted along the purple-coloured cylindrical region of inter-
est covering the martensite and film-like C-enriched region, as
marked in Fig. 7f. The average C content of the film was
measured to be ~3.8 at% (Fig. 7g). This value is well above the
nominal C content of the steel (1.8 at%). This C-enriched film
corresponds to RA, and this clearly indicates that C partition-
ing did occur during the Q&P processing. Furthermore, Fig. 7g
shows a gradient of C distribution within RA. The C concen-
tration in RA rises to ~4 at% adjacent to the interface and
drops to ~3 at% in the interior. This is attributed to the slug-
gish diffusivity of C in RA and this observation is consistent
with the published literature.**® Apart from the RA film,
other C-enriched regions can also be observed in Fig. 7f. The
elemental partitioning between the martensite and the coarser
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Fig. 7 (a) Three-dimensional (3D) atom maps of C, Mn, Cr, Al, Ni, Si,
and Fe of the medium-Si steel P, for 1000 s at 300 °C, (b—e) APT recon-
struction depicting various iso-concentration surfaces with different
carbon thresholds of 1.8, 5, 8, and 12 at%, respectively, (f) magnified 3D
atom maps of C for the medium-Si steel partitioned for 1000 s at
300 °C, (g) elemental partitioning between martensite and film-like
retained austenite along the purple-coloured cylinder shown in (f), (h)
elemental partitioning between martensite and cementite along the tur-
quoise-coloured cylinder shown in (f), and (i) elemental partitioning
within the martensite matrix along the green coloured cylinder shown in
(f).

C-enriched region (thickness ~20 nm) along the turquoise-
coloured cylinder is presented in Fig. 7h. The concentration of
C within the C-enriched region has appreciably increased to
~23 at% (Fig. 7h), which is corroborated with the stoichio-
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metric composition of C in 6 carbide (Fe;C). The manganese
content was found to have increased slightly, while a clear
depletion of Si is visible in Fig. 7g. No significant partitioning
of other alloying elements was observed between the carbide
and the adjacent matrix. These results are consistent with pre-
vious APT studies reporting the rejection of Si and the enrich-
ment of Mn in 6 following the tempering of the as-quenched
4340 steel.>® The distribution of different alloying elements
and C within the martensite matrix along the green coloured
cylinder is presented in Fig. 7i. The average C concentration
within martensite was estimated as ~1.8 at% (Fig. 7i). These
observations indicate that most of the C had either partitioned
from martensite to RA or was used up in the formation of car-
bides during the Q&P processing.

Furthermore, the redistribution of C across the martensite/
carbide interface was assessed through proximity histograms.
Fig. 8a shows the coarse C-enriched region (thickness
~20 nm) corresponding to the 12 at% C iso-concentration
surface (see Fig. 7e), as marked by an arrow in the 3D atom
map and the respective proximity histogram is presented in
Fig. 8b. The C concentration was found to have increased to
~25 at% based on the calculated proximity histogram as
shown in Fig. 8b. Distribution of other alloying elements can
also be seen in Fig. 8c with the scale of the y-axis (in Fig. 8b)
further magnified in the location of interest. The enrichment
of Mn content and the depletion of Si in the carbide are
clearly evident. Similarly, the proximity histogram of a fine
C-enriched particle (thickness ~5 nm) is located at the
bottom corner, as indicated by an arrow in the 12 at% C iso-
concentration surface (Fig. 8d), is displayed in Fig. 8e. The C
concentration in this region has been found to increase from
1.8 at% to 33 at%, while Si concentration did not show any
visible decrease (Fig. 8f). All other alloying elements were
found to have uniform distribution too. Orthorhombic 7
carbide (Fe,C) is associated with a theoretical C content of
~33 at% and Si is also soluble in Fe,C.*" Hence, this particle
is attributed to 5 carbide, consistent with the relatively small
precipitates observed in the TEM study with a similar mor-
phology (Fig. 3j-1).

Fig. 9a shows the atom maps of C, Mn, Cr, Al, Ni, Si, and Fe
in the low-Si steel sample P, for 1000 s at 300 °C. The existence
of a lens-shaped elongated C-rich region noticed in the C atom
map (Fig. 9a) confirms the presence of carbide, but there
seems to be no significant partitioning of other alloying
elements (Mn, Cr, Al, Ni, and Si) between the carbide and the
adjacent matrix phase. This result agrees well with previous
APT studies of medium-C steels.’>*3 There was no sign of C
enrichment across any RA film in this low-Si steel specimen.
Fig. 9b-e shows the iso-concentration surfaces with different
carbon thresholds, i.e., 1.8 at%, 3 at%, 5 at%, and 12 at%,
respectively. Small globular-shaped C-enriched features were
observed within the martensite matrix on the 3 at% and 5 at%
C iso-concentration surfaces, as shown in Fig. 9c and d,
respectively. These globular-shaped features ranged in size
from ~5 to 50 nm. However, no such globular-shaped C-rich

features were detected on the 12 at% iso-concentration
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Fig. 8 (a and d) 3D-APT maps with a 12at% C iso-concentration surface
of C for the medium-Si steel P, for 1000 s at 300 °C showing the exist-
ence of both ¢ and 5 carbides, (b) proxigram showing C, Fe, and other
alloying (Cr, AL, Mn, Si, and Ni) concentrations at the ¢ carbide interface
as marked in (a), (c) magnified view of Cr, Al, Mn, Si, and Ni distribution
at the 0 carbide interface, (e) proxigram showing C, Fe, and other alloy-
ing (Cr, Al, Mn, Si, and Ni) concentrations at the 5 carbide interface as
marked in (d), and (f) magnified view of Cr, Al, Mn, Si, and Ni distribution
at the 5 carbide interface.

surface, except for the lens-shaped elongated C-enriched plate
at the lower end of the sample (Fig. 9e).

Fig. 9f shows an enlarged view of the 5 at% C iso-concen-
tration surface (Fig. 9d). As mentioned, a globular-shaped
C-enriched area is located at the top corner of the tip (Fig. 9f).
The 1D concentration profiles of C and other alloying elements
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Fig. 9 (a) 3D atom maps of C, Al, Cr, Si, Ni, Mn, and Fe for the low-Si
steel Tp at 300 °C, (b—e) APT reconstruction depicting iso-concentration
surfaces with different carbon thresholds, (f) 3D atom maps of C for the
low-Si steel partitioned at 300 °C, (g) 1D concentration profiles of C and
other alloying elements showing elemental partitioning between mar-
tensite and the globular C-enriched carbon cluster along the blue
coloured cylinder, as shown in (f), (h) 1D concentration profiles of C and
other alloying elements showing elemental partitioning between mar-
tensite and 0 carbide along another blue-coloured cylinder near the
bottom corner, as shown in (f), and (i) a 3D atom map rotated by 45°
relative to the atom map of C in (f).

between martensite and the globular C-concentrated region
were extracted along the blue-coloured cylinder across the
C-enriched region, as shown in Fig. 9f. The average C-content
of the globular C-enriched region was measured to be ~9 at%
(Fig. 9g), suggesting clustering of C in this globular C-enriched
region. No significant partitioning of other alloying elements
was observed between the globular C-concentrated region and
the adjacent matrix. On the other hand, elemental partitioning
between martensite and the coarse elongated C-enriched plate
was ascertained along another blue-coloured cylinder located
at the bottom corner (Fig. 9f), as shown in Fig. 9h. The average
C concentration in this region surged to ~22 at% (Fig. 9h),
whereas the Si concentration decreased slightly, similarly as
noticed in the case of medium-Si steel (Fig. 8c). This confirms
the presence of € carbide in the low-Si steel following partition-
ing at 300 °C for 1000 s. Fig. 9i represents a 3D atom map
rotated by 45° relative to the atom map of C in Fig. 9f, which
clearly reveals the presence of two parallel plates of 0 carbides.
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Fig. 10 (a and c) 3D atom maps with a 5 at% iso-concentration surface
of C for the low-Si steel Tp at 300 °C showing the existence of only ¢
carbides together with carbon clusters, (b) proxigram showing C, Fe,
and other alloying concentrations at the globular C-enriched cluster
interface, as marked in (a), and (d) proxigram showing C, Fe, and other
alloying concentrations at the 6 carbide interface, as marked in (c).

A similar morphology of 0 carbides was also noticed in TEM
study for these samples (Fig. 4a and b).

The proximity histograms of globular C-enriched and 6
carbide regions, as marked by arrows in the corresponding
locations in the 3D atom map with a 5 at% C iso-concentration
surface (see Fig. 10a and c, respectively), are shown in Fig. 10b
and d, respectively. These proxigrams illustrate the redistribu-
tion of C across martensite/C-rich interfaces as shown in
Fig. 10b and d, respectively. Fig. 10b indicates that the
maximum C level is ~12 at%, which is well below the expected
level for carbides, but greater than that expected for RA, sig-
nifying that these features are essentially clusters of C atoms.
Similar clusters of C atoms within the martensite matrix have
also been noticed in the quenched and tempered 4340 steel,
as revealed by APT.*® On the other hand, the C level was found
to be ~22 at% across the coarse C-enriched plate interface, as
presented in Fig. 10d, and this has been ascribed to the pres-
ence of ¢ carbide.

Computational methods

Crystal structure and formation energy of 5 carbide and 6.
Both Fe,C and Fe;C supercells were simulated to understand
the effects of alloyed Si as an impurity element within the iron
carbide structures, and Si was substituted at the Fe sites to
match with experimental concentrations. The optimized struc-
tures of the 4 x 4 x 1 supercell of Fe,C and the 2 x 2 x 4 super-
cell of Fe;C are presented in Fig. 11.

The concentrations of Si are indicated in Table 2 along with
the corresponding cohesive energies. The formation energies
reported were calculated using the ground state DFT, and the
thermal contributions were not taken into account. This is due
to the fact that phonon calculations on such large supercells
with alloying elements are computationally too demanding
and the phonon contribution to formation energies is rather
insignificant to alter the values considerably. The resulting
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Fig. 11 Optimized structures of (a) a 4 x 4 x 1 supercell of Fe,C and (b)
the optimized 2 x 2 X 4 supercell of FesC. The purple and golden atoms
represent Fe and C atoms, respectively.

Table 2 Cohesive energies of Fe,C and FesC with different concen-
trations of Si

Cohesive energy (eV)

Concentration of Si Si substituted Si substituted

Compound  (Wt%) for C for Fe

Fe,C 0.34% 5.39 5.40
0.69% 5.38 5.40
1.38% 5.27 5.42

Fe;C 0.39% 5.59 5.59
0.78% 5.57 5.60
3.1% 5.56 5.61

cohesive energy varies the most when Si replaces C in Fe,C.
The structures with Si atoms, when substituted at the Fe sites,
gain only slightly higher cohesive energies with Fe,C than
when substituted for the C sites. This indicates that the given
iron carbides can have slightly decreasing stability with an
increase in the Si concentration. For further analysis, substi-
tution of Si atoms at the Fe sites was considered. With an
increase in the Si concentration occupying the Fe position,
cohesive energy increases, suggesting a consequent decrease
in the stability of iron carbide. On the other hand, if Si
occupies C positions, the cohesive energy decreases, indicating
decreasing stability. This indicates that the probability of Si
carbide (SiC) formation is more feasible, rather than the for-
mation of FeSi with an increase in Si
concentrations.

complexes

Relative stabilisation of carbides in BCC and FCC.
Furthermore, for comparison purposes, BCC and FCC super-
cells were constructed to analyse the relative stability of car-
bides. For the BCC supercell, a 128-atom supercell was con-
structed, and Si and C were substituted for the Fe sites to
match the experimental concentrations. The formation energy
with one substituting Si atom of —2.34 eV decreases to —2.31
eV with two substituting Si atoms. For the 108-atom FCC
supercell, the formation energy decreases from —1.79 €V to
—1.74 eV with an increase in the Si concentration at the
expense of C atoms (Table 3). This indicates that the formation
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Table 3 Formation energies of carbides in BCC and FCC Fe-based
supercells

Total energy ~ Formation energy

System  Supercells (eV) (eV)
BCCFe 4x4 x4 (Fe-128 atoms) —1054.4 —
102 Fe- 25 C-1 Si —-1052.1 -2.34
101 Fe-25 C-2 Si —1049.7 -2.31
FCCFe 3 x3x3(Fe-108 atoms) —880.4 —
71 Fe-36 C-1 Si —886.7 -1.79
70 Fe-36 C-2 Si —885.3 -1.74

of SiC is slightly more probable in the BCC supercell than the
FCC supercell.

Discussion
C redistribution, clustering, and transition carbide formation

This study clearly verifies the occurrence of C atom redistribu-
tion during the partitioning treatment of Si-bearing experi-
mental 0.4 C steels. Irrespective of the Si content and parti-
tioning temperatures, nucleation of 5 carbides in martensite
was quite apparent prior to the formation of more stable 6 car-
bides. During quenching to Tq, austenite to martensite trans-
formation places C atoms in the unfavourable octahedral
sites.’”*® Transition carbide precipitation during partitioning
is mainly driven by lattice strains associated with the accom-
modation of C atoms, and in the early stages of partitioning, it
is commonly assumed that C concentrations greater than
1 wt% can cause precipitation of orthorhombic 7 carbide
directly from C-saturated martensite, thus avoiding the for-
mation of hexagonal ¢ (Fe, 4C) carbide.’® During atom probe
tomography, the ex situ analyses of samples from both low-
and medium-Si steels revealed segregated coherent C clusters,
randomly dispersed throughout the martensite with a C
content of ~9-12 at%, though there was no evidence of any
partitioning of substitutional solutes. A fine-scale distribution
of C-enriched clusters was noticed in the medium-Si steel,
whereas, relatively coarse clusters formed in the low-Si steel.
Presumably, these C-enriched regions denote the onset of 7
carbide precipitation. Transition carbides or other carbides
exhibit specific crystal structures with defined atomic planes
and interplanar spacing and explicit orientation relationships
with the matrix phase, whereas clusters are only segregations
of C atoms aggregated in the martensite matrix. The compo-
sition of clusters was first reported by Choo et al. with a stoi-
chiometric ratio similar to the Fe,C structure.>® In our present
study, the C contents within the cluster regions were estimated
to be ~9-12 at% C, which is lower than Fe,C. The estimated
composition of a typical cluster in our case is closely similar to
the FegC-type structure. Based on 3D-APT analysis, Zhu et al.
identified the presence of fine C-enriched regions in an Fe-Ni-
C alloy with C contents of ~10 at% (Similar to the stoichio-
metry of FegC), in good agreement with our study.*” Through
APT analysis, the existence of randomly dispersed C-enriched
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regions within the bainitic matrix of a nanobaintic steel follow-
ing tempering at 400 °C for 30 min was also ascertained by
Caballero et al.** The approximate thickness and C content of
these clusters were estimated to be ~6 nm and ~14 at%,
respectively. Taylor et al. demonstrated that the C atom
clustering process occurs by a continuous increase in the
composition amplitude, which is a characteristic of the spino-
dal decomposition mechanism.?” Alternatively, the redistribu-
tion of solute atoms to dislocations in ferrite might also be
associated with this fluctuation of solute concentration.*?
Regardless of their formation mechanism, these C clusters
might imply the prelude to the onset of transition carbide
precipitation.

71 to 0 transformation

A high Si (1.5 wt%) concentration in the high-Si steel retarded
the transformation of transition 5 carbide to more stable 6
carbide both at low (200 °C) and high (300 °C) partitioning
temperatures, whereas partial transformation of # to 8 carbide
form might have occurred in the case of medium-Si steel.
Barrow et al. reported that the conversion of transition car-
bides to 6 relies on the partitioning of Si out of the carbide.*®
According to this hypothesis, a Si-free region in the matrix was
required for the nucleation of 8. Based on the 3D-APT results
of the medium-Si steel partitioned at 300 °C, it can be noticed
that the measured Si content within @ was lower than the Si
present in the martensite matrix (Fig. 10c). However, at low
partitioning temperature (200 °C), the existence of only 5 pre-
cipitates was observed (Fig. 5d and e). At low partitioning
temperature, the diffusion of substitutional elements was neg-
ligible, but under prolonged partitioning duration at a rela-
tively high temperature (300 °C), the trapped Si within 6
diffused out from 6 carbides to the interfaces. According to
Owen, Si rejected from @ acts as a growth barrier and inhibits 8
precipitation.*® In a recent study, Zhu et al. noticed that the
rejected Si built up a layer rich in Si at the interface.*® For con-
tinuous carbide growth, further diffusion of C atoms is
needed. The presence of a Si-rich layer, however, will reduce
the C flux into the carbide across the interface. Hence, the
carbide growth would be controlled by the diffusion rate of Si
within 6. This mechanism has also been reported by Barrow
and Rivera-Diaz-del-Castillo.**

Growth of

In the low-Si steel Tp at 300 °C, the occurrence of both inter-
and intra-lath 6 precipitation was revealed. The size of 6 plates
appeared to be slightly large in the low-Si steel (Fig. 4a and b),
suggesting an unhindered carbide growth during the partition-
ing process at 300 °C, apparently due to the low level of Si in
the steel and hence, a negligible barrier to carbide growth.
This might be due to the completion of 5 to 6 transition at the
very early stage of partitioning, followed by the growth of ¢ that
is controlled by C diffusion under these conditions. On the
other hand, the growth of 6 was remarkably retarded by the
addition of Si in high/medium-Si steels.
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Cementite is incoherent with the ferrite/martensite matrix
and generally strengthens the steel by Orowan mechanisms,
thus providing high hardness and wear resistance, though at
the expense of ductility and toughness. Under plastic defor-
mation, stress concentration is generated at the cementite
interface, eventually leading to the occurrence of microcracks.
Therefore, the toughness of the steel decreases with an
increase in the cementite size. In contrast, the transition car-
bides have some degree of coherency with the matrix and
introduce strengthening by coherency mechanisms and
enhance the work hardening rate.** Barrow et al. conducted
systematic investigation of the low temperature precipitation
reaction in 100Cr5 steel (1C-0.3Si-0.3Mn-1.4Cr) and achieved
optimal properties by aptly tailoring the precipitation of tran-
sition carbide and preventing the formation of cementite.**
Therefore, it is important to carefully control the amount and
distribution of transition carbides in the steel to obtain
optimal mechanical properties.

DFT simulation

DFT simulated results showed that when Si is substituted in
an Fe lattice, it is more energetically favourable to precipitate
as @ rather than # carbide. Based on the experimental results,
however, it is evident that Si-alloying effectively suppresses 0
formation, but it has seemingly a minor influence on the pre-
cipitation of 5 carbide. Our observation agrees well with pre-
vious studies that reported the stabilization of e-carbide in a
steel containing high Si content.>® Moreover, Jang et al.
demonstrated that Si has a coherency effect on stabilizing tran-
sition carbides, since incorporating Si increases coherency at
carbide-matrix interfaces.”> A similar finding was made by
Barrow et al., which showed that precipitation is dependent on
the misfit energy between carbide and the matrix.* Hence, to
gain a detailed insight into the phase transformations/carbide
transition/precipitation occurring during partitioning, new
model needs to be developed considering both thermo-
dynamic and misfit factors.

Conclusions

(1) C clusters were randomly dispersed throughout the marten-
sitic ferrite matrix of all the steels with different Si variants
and at all the partitioning temperatures, with the C content
varying in a narrow range of ~10-12 at%, though there was no
evidence of substitutional solute partitioning. These
C-enriched regions are likely to be associated with C segre-
gations at lattice defects and possibly denote a prelude to the
commencement of n-carbide precipitation.

(2) The TEM analysis of high-Si steel P, for 1000 s at 300 °C
showed the presence of n-carbides. The n-carbide partially
decomposed into 0 in the case of medium-Si steel, whereas 6
was solely seen in low-Si steel under the identical Q&P con-
ditions. However, irrespective of the Si-level, all three steels
after partitioning for 1000 s at 200 °C revealed the formation
of only n-carbides within the martensitic laths. Also, a gradual

This journal is © The Royal Society of Chemistry 2023
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increase in # carbide fraction was observed from high-Si to
low-Si steels as a consequence of the decrease in Si content.

(3) Although alloying with Si in 0.4 wt% steel was intended
to prevent carbide formation, it was found to have only
delayed the formation of 0, rather than completely avoid it.
Overall, the observations made in the study suggest that Si-
alloying does inhibit § formation effectively, at least for a
certain duration. For the studied Q&P conditions, it can be
postulated that a high Si content (1.5 wt%) in the steel can
stabilize n-carbides, whereas a decrease in Si level can lead to a
gradual decrease in the stability of n-carbide, thus leading to
its transformation into more stable 0 carbides.

(4) In contrast, first-principles calculations show that the
thermodynamic stability of n-carbide and 6 depended on the
Si atom substituted in the Fe lattice. It was predicted that Si
atoms, when substituted at the Fe sites, possessed higher
cohesive energy than when substituted in the C sites. This
indicates that there is a general trend of decrease in the
stability of carbides with an increase in Si. A comparison of
how Si affects the enthalpy of carbide formation for austenite
and martensite revealed that carbide formation was energeti-
cally more favourable in martensite rather than austenite, in
agreement with the experimentally measured concentration
ratios.

Author contributions

S. G. performed the experiments and wrote the original
draft. K. R. and S. R. performed the APT investigation and data
analysis. A. A. S. D. conducted the DFT calculation and data
analysis. S. P. and M. S. co-wrote, reviewed, and edited the
manuscript. M. H. and J. K supervised, reviewed, and edited
the manuscript, and acquired the financial support for the
project leading to this publication. All the authors proofread
and approved the final manuscript for submission.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors express their gratitude to Jane ja Aatos Erkon
sditio (JAES), Tiina ja Antti Herlinin s&4ti6 (TAHS), and the
Academy of Finland (grant No. #311934) for their financial
support on the Advanced Steels for Green Planet project and
the Genome of Steel (Profi3) project. Special thanks are also
due to Prof. (Emer.) David A. Porter for assisting with the
design of the alloys. The NFAPT, India (National Facility for
Atom Probe Tomography) facility, coordinators, and engineers
are gratefully acknowledged for support towards critical 3D
APT. The CSC-IT Center for Science, Finland is acknowledged
for computational resources.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

References

1 E. J. Seo, L. Cho, Y. Estrin and B. C. De Cooman, Acta
Mater., 2016, 113, 124-139.

2 S. Ghosh, P. Kaikkonen, V. Javaheri, A. Kaijalainen,
I. Miettunen, M. Somani, J. Kéomi and S. Pallaspuro,
J. Mater. Res. Technol., 2022, 17, 1390-1407.

3 M. C. Somani, D. A. Porter, L. P. Karjalainen and
D. K. Misra, Int. J. Metall. Eng., 2013, 2, 154-160.

4 S. Ghosh, I. Miettunen, M. C. Somani, J. Komi and
D. Porter, Mater. Today: Proc., 2021, 46, 2131-2134.

5 J. Speer, D. K. Matlock, B. C. De Cooman and J. G. Schroth,
Acta Mater., 2003, 51, 2611-2622.

6 D. V. Edmonds, K. He, F. C. Rizzo, B. C. De Cooman,
D. K. Matlock and J. G. Speer, Mater. Sci. Eng. A, 2006, 438,
25-34.

7 M. ]. Santofimia, L. Zhao, R. Petrov, C. Kwakernaak,
W. G. Sloof and J. Sietsma, Acta Mater., 2011, 59, 6059-
6068.

8 1. Miettunen, S. Ghosh, M. C. Somani, S. Pallaspuro and
J. Komi, J. Mater. Res. Technol., 2021, 11, 1045-1060.

9 M. C. Somani, D. A. Porter, L. P. Karjalainen and
R. D. K. Misra, Metall. Mater. Trans. A, 2014, 45, 1247-1257.

10 S. Wang, A. A. Kistanov, G. King, S. Ghosh, H. Singh,
S. Pallaspuro, A. Rahemtulla, M. Somani, J. Kémi, W. Cao
and M. Huttula, Acta Mater., 2021, 221, 117361.

11 Z. Dai, Z. Yang, C. Zhang and H. Chen, Acta Mater., 2020,
200, 597-607.

12 Y. Toji, G. Miyamoto and D. Raabe, Acta Mater., 2015, 86,
137-147.

13 S. Ghosh, K. Rakha, S. Reza, M. Somani and J. Komi,
Mater. Today: Proc., 2022, 62, 7570-7573.

14 D. T. Pierce, D. R. Coughlin, D. L. Williamson, K. D. Clarke,
A. ]J. Clarke, J. G. Speer and E. De Moor, Acta Mater., 2015,
90, 417-430.

15 J. Zhang, Z. Dai, L. Zeng, X. Zuo, J. Wan, Y. Rong, N. Chen,
J- Lu and H. Chen, Acta Mater., 2021, 217, 117176.

16 M. Koyama, Y. Yu, ]J. X. Zhou, N. Yoshimura, E. Sakurada,
K. Ushioda and H. Noguchi, Mater. Sci. Eng. A, 2016, 667,
358-367.

17 Z. Wu, Z. Liu and X. Li, Microstructural effects on the frac-
ture toughness of advanced high strength steels, Mater.
Lett., 2020, 271, 127761.

18 M. Wallner, R. Schneider, K. Steineder and C. Sommitsch,
Effect of Si and Al on microstructure-property-relationship
of Q&P-steels during galvannealing, Mater. Sci. Technol.,
2021, 37, 182-189.

19 E. Kozeschnik and H. K. D. H. Bhadeshia, Influence of
silicon on cementite precipitation in steels, Mater. Sci.
Technol., 2008, 24, 343-347.

20 H. Okada, T. Fukagawa, H. Ishihara, A. Okamoto,
M. Azuma and Y. Matsuda, Prevention of red scale for-
mation during hot rolling of steels, ISIJ Int., 1995, 35, 886-
891.

21 P. Huyghe, M. Caruso, ]J. L. Collet, S. Dépinoy and S. Godet,
In Situ Quantitative Assessment of the Role of Silicon

Nanoscale, 2023, 15, 10004-10016 | 10015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr00816a

Open Access Article. Published on 09 May 2023. Downloaded on 2/17/2026 6:31:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

22

23

24

25

26

27

28

29

30

31

32

33

During the Quenching and Partitioning of a 0.2C Steel,
Metall. Mater. Trans. A, 2019, 50, 3486-3494.

B. Kim, ]. Sietsma and M. J. Santofimia, The role of silicon
in carbon partitioning processes in martensite/austenite
microstructures, Mater. Des., 2017, 127, 336-345.

F. HajyAkbary, J. Sietsma, G. Miyamoto, T. Furuhara and
M. J. Santofimia, Interaction of carbon partitioning,
carbide precipitation and bainite formation during the
Q&P process in a low C steel, Acta Mater., 2016, 104,
72-83.

J. H. Jang, 1. G. Kim and H. K. D. H. Bhadeshia, e-Carbide
in alloy steels: first-principles assessment, Scr. Mater.,
2010, 63, 121-123.

M. K. Miller, P. A. Beaven, S. S.
G. D. W. Smith, An atom probe study of the aging of iron-
nickel-carbon martensite, Metall. Trans. A, 1983, 14A, 1021-
1024.

G. Kresse and ]. Hafner, Ab initio molecular-dynamics
simulation of the liquid-metal-amorphous semiconductor
transition in germanium, Phys. Rev. B: Condens. Matter
Mater. Phys., 1994, 49, 14251-14269.

G. Kresse and D. Joubert, From ultrasoft pseudopotentials
to the projector augmented-wave method, Phys. Rev. B:
Condens. Matter Mater. Phys., 1999, 59, 1758-1775.

J. Perdew, K. Burke and M. Ernzerhof, Generalized gradient
approximation made simple, Phys. Rev. Lett., 1996, 77,
3865-3868.

H. J. Monkhorst and J. D. Pack, Special points for brillouin-
zone integrations, Phys. Rev. B: Solid State, 1976, 13, 5188-
5192.

P. Zhang, Y. Chen, W. Xiao, D. Ping and X. Zhao, Twin
structure of the lath martensite in low carbon steel, Prog.
Nat. Sci.: Mater. Int., 2016, 26, 169-172.

W. Lu, M. Herbig, C. H. Liebscher, L. Morsdorf,
R. K. W. Marceau, G. Dehm and D. Raabe, Formation of eta
carbide in ferrous martensite by room temperature aging,
Acta Mater., 2018, 158, 297-312.

Y. Toji, H. Matsuda, M. Herbig, P. P. Choi and D. Raabe,
Atomic-scale analysis of carbon partitioning between mar-
tensite and austenite by atom probe tomography and corre-
lative transmission electron microscopy, Acta Mater., 2014,
65, 215-228.

C. Zhu, X. Y. Xiong, A. Cerezo, R. Hardwicke, G. Krauss and
G. D. W. Smith, Three-dimensional atom probe characteriz-
ation of alloy element partitioning in cementite during

Brenner and

10016 | Nanoscale, 2023, 15, 10004-10016

34

35

36

37

38

39

40

41

42

43

44

45

View Article Online

Nanoscale

tempering of alloy steel, Ultramicroscopy, 2007, 107, 808~
812.

M. ]J. Santofimia, L. Zhao and ]J. Sietsma, Model for the
interaction between interface migration and carbon
diffusion during annealing of martensite-austenite micro-
structures in steels, Scr. Mater., 2008, 59, 159-162.

M. J. Santofimia, J. G. Speer, A. J. Clarke, L. Zhao and
J. Sietsma, Influence of interface mobility on the evolution
of austenite-martensite grain assemblies during annealing,
Acta Mater., 2009, 57, 4548-4557.

A. ]. Clarke, J. Klemm-Toole, K. D. Clarke, D. R. Coughlin,
D. T. Pierce, V. K. Euser, ]J. D. Poplawsky, B. Clausen,
D. Brown, J. Almer, P. J. Gibbs, D. J. Alexander, R. D. Field,
D. L. Williamson, J. G. Speer and G. Krauss, Perspectives
on Quenching and Tempering 4340 Steel, Metall. Mater.
Trans. A, 2020, 51, 4984-5005.

K. A. Taylor, G. B. Olson, M. Cohen and J. B. Vander Sande,
Carbide precipitation during stage I tempering of Fe-Ni-C
martensites, Metall. Trans. A, 1989, 20, 2749-2765.

A. T. W. Barrow, J. H. Kang and P. E. J. Rivera-Diaz-del-
Castillo, The ¢ - 1 — 6 transition in 100Cr6 and its effect
on mechanical properties, Acta Mater., 2012, 60, 2805-
2815.

W. K. Choo and R. Kaplow, Mdssbauer measurements on
the aging of iron-carbon martensite, Acta Metall., 1973, 21,
725-732.

C. Zhu, A. Cerezo and G. D. W. Smith, Carbide characteriz-
ation in low-temperature tempered steels, Ultramicroscopy,
2009, 109, 545-552.

F. G. Caballero, M. K. Miller, C. Garcia-Mateo, C. Capdevila
and S. S. Babu, Redistribution of alloying elements during
tempering of a nanocrystalline steel, Acta Mater., 2008, 56,
188-199.

F. G. Caballero, M. K. Miller and C. Garcia-Mateo, Atom
Probe Tomography Analysis of Precipitation during
Tempering of a Nanostructured Bainitic Steel, Metall
Mater. Trans. A, 2011, 42, 3660-3668.

W. S. Owen, The effect of silicon on the kinetics of temper-
ing, Trans. ASM, 1954, 46, 812-829.

A. T. W. Barrow and P. E. ]J. Rivera-Diaz-del-Castillo,
Nanoprecipitation in bearing steels, Acta Mater., 2011, 59,
7155-7167.

J. H. Jang, I. G. Kim and H. K. D. H. Bhadeshia, e-Carbide
in alloy steels: First-principles assessment, Scr. Mater.,
2010, 63, 121-123.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr00816a

	Button 1: 


