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Steels belong to one of the best established materials, however, the mechanisms of various
phase transformations down to the nano length scale are still not fully clear. In this work,
high-resolution transmission electron microscopy is combined with atomistic simulations
to study the nanoscale carbide precipitation in a Fe–Cr–C alloy. We identify a cooperative
growth mechanism that connects host lattice reconstruction and interstitial segregation
at the growing interface front, which leads to a preferential growth of cementite (Fe3C)
nanoprecipitates along a particular direction. This insight signiﬁcantly improves our understanding of the mechanisms of nanoscale precipitation in interstitial alloys, and paves the
way for engineering nanostructures to enhance the mechanical performance of alloys.
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I

n recent years, there has been growing interest in understanding and tailoring the nanostructure of materials, which
ultimately enables tuning material properties1–4. Even for
extensively studied materials such as steels, there is still plenty of
room for performance improvement. A number of recent publications5–9 have demonstrated that the key to further enhancing
the mechanical performance requires engineering their nanostructures. The core concept of this new paradigm is to characterize extended defects including grain boundaries10,
dislocations11, surfaces12, and interfaces13, as well as point defects
such as interstitials14, substitutionals15, and vacancies16 etc. Even
more importantly, it is of special interest to understand how these
defects interact and how such interactions trigger structural
evolution such as nanoscale phase transformations17.
A prototypical example is the precipitation of nanoscale carbides
from Fe–C-based alloys18. The primary carbide is Fe3C, named
cementite, which is rather stiff and brittle19. In contrast, the host
Fe–C solid solution, called ferrite, is relatively soft and ductile.
Having nanoprecipitates of cementite in a ferritic matrix allows us
to overcome the tradeoff between strength and ductility in steels20.
However, it is by no means trivial to understand the fundamental mechanisms of this nanoscale precipitation process.
First of all, it requires an accurate determination of the orientation
relationships (ORs) between the precipitate and the host
lattice, and the corresponding interface structures. Second, C
atoms are initially homogeneously distributed in the ferrite matrix
and the C concentration is only a few at.%, which is signiﬁcantly
lower than that in cementite (25 at.%). Hence, there should be a
well-deﬁned mechanism, which explains why and how C accumulates at the ferrite/cementite interface. Third, the ferrite matrix
has a body-centered cubic (bcc) structure and C occupies octahedral interstitial sites, while the unit cell of cementite is orthorhombic and C atoms constitute a major part of the crystal
structure. Thus, one needs to understand how the bcc ferrite
matrix reconstructs at the interface in order to form cementite.
Last but not least, the processes of C accumulation/segregation
and Fe lattice reconstruction are not independent. Complex
couplings between these two processes are necessary to achieve the
nanoscale precipitation.
Carbide precipitation in steels has been extensively studied in
the literature, correlative studies that combine atomic-scale
experimental characterizations and theoretical simulations have
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recently been demonstrated to be an efﬁcient approach for
investigating carbide precipitation (see e.g., ref. 21). In this work,
we combine high-resolution transmission electron microscopy
(HRTEM) with atomistic simulations to unveil the nanoscale
growth process of precipitated cementite from the ferrite matrix
in a prototypical Fe–Cr–C alloy. We ﬁnd that there is a clear
driving force for C to segregate to the ferrite/cementite interface.
The segregation of C atoms then cooperates with a collective
reconstruction of the bcc ferrite lattice, which then naturally
transforms into cementite.
Results
HRTEM characterization of cementite nanoprecipitates. Figure 1a shows the overall microstructure of the studied Fe-10Cr0.15C alloy (see the Methods section for details). It can be seen
that needle-shaped cementite (black) precipitated from the ferrite
matrix (gray). For convenience, we hereafter use α and θ to
represent ferrite and cementite, respectively. An HRTEM image
of the region in the rectangle in Fig. 1a is shown in Fig. 1b in the
direction of ½111α . It can be seen that the cementite precipitates
are a few tens of nanometers long and are conﬁned to be about
5 nanometers wide. These morphological features are indirect
evidences for preferred growth directions, even though the
precipitation process is not witnessed in situ. This is because
the structural transformation from the parent phase to
the precipitate may be accomplished by many possible mechanisms, but the driving force is the minimization of the total energy
of the system. Under such circumstances, generation of interfaces
that allow the best ﬁt between the parent phase and the precipitate will be favored, since this would in turn reduce the
interface energy and hence the total energy of the system.
The precipitate would then grow along the easiest path to create
such interfaces, giving rise to the preferred ORs. Therefore, a
detailed examination of the OR between cementite and the ferrite
matrix can provide vital clues to understand the precipitation
mechanism in the solid state. In the past half century, a number
of ORs between cementite and ferrite have been reported, most
commonly the Bagaryatsky22, Isaichev23, and Pitsch-Petch24 ORs
were observed. To determine the OR, we show the detailed
atomic structure of the advancing tip of the cementite precipitate
enclosed by a rectangle at a higher magniﬁcation in Fig. 1c. The
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Fig. 1 Cementite nanoprecipitates in ferrite matrix. a Needle-shaped nanoprecipitates of cementite (black) with preferential growth direction in a ferrite
matrix (gray). b An HRTEM image of the cementite precipitate in a enclosed by a rectangle. c–e HRTEM images of the atomic structures of the advancing
tip of cementite precipitates from zone directions of ½111α , [001]α and [110]α, respectively. The red dashed arrows indicate projections of the actual growth
direction onto different view planes. Scale bar in a, 100 nm; scale bar in b–e, 2 nm
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cementite nanoprecipitate is found in the zone direction of ½012θ .
We perform stereographic and fast fourier transformation (FFT)
analyses to determine the plane parallelism (see Supplementary
Fig. 1 for details). The OR can thus be obtained as ð112Þα jjð021Þθ
and ð110Þα jjð100Þθ (or ½110α jj½100θ ). Figure 1d, e shows
HRTEM images from two additional zone directions of [001]α
and [110]α, which are obtained by investigating another two
precipitates. In these two images, the ORs are found as
½001α jj½011θ (ð110Þα jjð011Þθ and ð110Þα jjð100Þθ ), and
½110α jj½021θ (ð001Þα jjð012Þθ and ð110Þα jjð100Þθ ).
Figure 2 shows a stereo projection from the [111]α direction
together with cementite following the exact Bagaryatsky OR. A
number of low-index coincident or near coincident directions are
illustrated. It can be seen that the three images shown in Fig. 1c–e
are actually three variants of the Bagaryatsky OR as highlighted
by red square boxes in Fig. 1. Having established this OR, we ﬁnd
that the growth direction of all three precipitates is parallel to the
ð110Þα plane. However, it is still difﬁcult to determine the exact
growth direction of the cementite nanoprecipitate, since in the
HRTEM images, only two-dimensional projections from a threedimensional object can be seen25. Therefore, the growth
directions shown in Fig. 1 are only vector components of the
real growth direction. We will clarify the growth direction in
more detail later.
Atomistic simulations of cementite nanoprecipitates. In order
to identify the preferred growth direction, a superlattice with a
nanoprecipitate of cementite embedded in a ferrite matrix is
constructed based on the exact Bagaryatsky OR. The superlattice
is then relaxed using a Fe–C embedded atom method (EAM)
potential26. Since Cr is a substitutional element and its concentration is not too high, we do not expect it to have a critical
impact on the precipitation mechanism. An energy-dispersive Xray (EDX) analysis was also conducted and shows that there is no
obvious change in the Cr content across the interface between a
cementite precipitate and the matrix (see Supplementary Fig. 2
for details). Moreover, introducing one more substitutional
component signiﬁcantly enhances the difﬁculty and uncertainty
in EAM potential construction. We, therefore, only consider an
appropriate Fe–C alloy in our atomistic simulations. A cross-
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section of the constructed superlattice is shown in Fig. 3. When
cementite precipitates from the ferrite matrix according to the
Bagaryatsky OR, three well-deﬁned interfaces will form between
ferrite and cementite. Two of them can be directly seen in Fig. 3,
namely, interfaces I and II. The third one (interface III) is parallel
to the visualized cross-section.
To understand the preferential growth of cementite, we ﬁrst
inspect the energetics of the three ferrite/cementite binary
interfaces (I, II, and III). Figure 4a, b shows the structures of
the three interfaces and their corresponding interface energies. It
becomes immediately clear that interface I is energetically more
expensive than interfaces II and III, indicating that interface I is
less stable. As highlighted by the light-blue lines in Fig. 3,
interface II is a coherent twin boundary (TB), which naturally
explains why interface II is energetically favorable. Our close
analysis reveals that interface III is favorable due to a
readjustment of the positions of some C atoms (see the blue
dashed circle in Fig. 4a). This indicates that at interface III there
exist energetically favorable sites for C compared to bulk
cementite. But since interface III is stable and these C sites at
interface III are fully occupied, there would not be signiﬁcant C
segregation to interface III. Therefore, preferential growth will
occur along the direction (the red arrow in Fig. 3) perpendicular
to interface I, since the increase in the areas of interfaces II and III
costs little energy. Interface I is energetically unfavorable, as a
result, cementite will continuously penetrate into the ferrite
matrix by moving interface I forward, which does not cost
additional energy, but only needs to overcome an energy barrier.
To compare with the observed growth direction components in
Fig. 1, we show the simulated atomic structures from ½111α ,
[001]α and [110]α in Fig. 5b–d, respectively. It can be seen that the
modeled structures are in good agreement with the HRTEM
observations in Fig. 1. As clariﬁed before, the HRTEM images in
Fig. 1c–e are only two-dimensional cross-sections of the threedimensional cementite precipitates. In Fig. 5a, the projections of
the sectioning planes in the experiments can be seen on the crosssection (ð110Þα ) shown in Fig. 3.
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Fig. 2 Crystallographic analysis of orientation relationship (OR) between
ferrite and cementite. Stereographic projection in [111]α orientation showing
coincident or near coincident zones with cementite following the
Bagaryatsky OR. The observed three variants are highlighted with square
boxes. Blue diamonds are reﬂections from ferrite and red squares are from
cementite

Fig. 3 Atomic structure of a cementite nanoprecipitate in ferrite matrix. A
cross-section of the atomic structure of a nanoprecipitate of cementite in a
bcc ferrite matrix within the Bagaryatsky orientation relationship relaxed
using the Ruda EAM potential26. Gold spheres represent Fe atoms and
green spheres refer to C atoms. Large colored arrows show the preferential
growth direction of the precipitate, which is realized by a cooperative
mechanism that combines a shufﬂe of the Fe lattice along the ±[111]α
directions (small black arrows) and a segregation of C atoms (colored
circles). The colored circles and their numbers refer to different interstitial
sites for C. Light-blue lines highlight a coherent twin boundary (TB)
between the bcc ferrite matrix and the cementite precipitate
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Fig. 4 Ferrite/cementite interface structures and C segregation. a Atomic structures of three binary interfaces formed between cementite and ferrite during
precipitating. Gold spheres represent Fe atoms and green spheres refer to C atoms. The blue dashed circle highlights the special C sites at interface III.
b The corresponding interface energy of the three binary interfaces. The inset shows the excess energy as a function of the number of layers used for
constructing the binary interfaces. c The energy proﬁle of a C atom during its segregation to the interstitial site at the interface, which effectively goes
through interstitial site 5 to 0 as shown in Fig. 1. d The minimum energy path of the bcc ferrite (with C atoms)→ cementite transition computed using both
EAM potential and DFT. The inset shows the structural change from ferrite to cementite, which is realized by collective displacements of Fe (shufﬂing as
indicated by the black arrows) and C atoms

Carbon segregation to ferrite/cementite interface. As illustrated
in Fig. 3, to maintain continuous growth there must be a sufﬁcient
driving force that causes C segregation to the front of interface I.
In addition, there needs to be a mechanism that reconstructs the
host lattice of bcc ferrite to cooperate with the segregated C atoms
in order to form cementite. As highlighted by the red dashed
circles in Fig. 3, there are some C occupied sites at interface I that
obviously differ from the ones inside cementite. One such site is
marked site 0 in the magniﬁed inset in Fig. 3. This type of C site
periodically occurs at interface I. To understand why C prefers to
segregate to interface I, we inspect the octahedral interstitial sites
in bcc ferrite in the vicinity of site 0 and calculate the energy
proﬁle of C diffusion between the interstitial sites. In the inset in
Fig. 3, the octahedral interstitial sites for C in bcc ferrite are
marked by open circles. The three different colors (red, green, and
light-blue) refer to three types of octahedral interstitial sites in a
bcc host lattice, leading to tetragonal deformations along x, y, and
z directions, respectively (see, e.g., ref. 27). Taking a simple diffusion path from site 5 to site 0 for example, we calculate the
minimum energy path (MEP) of C diffusion using the nudged
elastic band (NEB) method28 with the Fe–C EAM potential
developed by Ruda et al.26. The energy proﬁle shown in Fig. 4c
provides two important insights. First, there is a driving force for
C to diffuse to site 0 at the interface. As compared to C in the
ferrite matrix, C at site 0 is energetically more favorable by ~0.9
eV. Second, there is a more or less constant diffusion barrier for C
to diffuse from site 5 to site 0. As known from the literature, the
diffusion barrier of C in bcc Fe is ~0.87 eV27. It means that the
currently employed Fe–C EAM potential has a limitation in
describing the diffusion barrier of C in bcc Fe, which is a common
4

problem of EAM potentials. However, we use this EAM potential
mainly because it gives a reliable description for the ferrite/
cementite interface structure as shown in the literature26,29. To
demonstrate this point, the energies of the structures along the
MEP obtained from the Ruda EAM potential are calculated using
a different EAM potential developed by Becquart et al.30, which is
known to correctly account for the C diffusion barrier in bcc
ferrite. As shown in Fig. 4c, one can see that qualitatively the
diffusion energy proﬁle is similar, but quantitatively we get now
the correct diffusion barrier of C. Nevertheless, the limitation of
the Becquart EAM potential is that it does not take cementite into
account in the construction. We also test another commonly used
Fe–C potential31, and observed similar interface structures and C
diffusion proﬁle to the ones from the Ruda EAM potential. Hence,
we conclude that there is a clear driving force of ~0.9 eV for C to
segregate to interface I, with a diffusion barrier of ~0.87 eV. In
principle, the driving force has contributions from both chemical
environment and local strain due to the misﬁt between the ferrite
matrix and cementite precipitates. The existence of such misﬁt
strain can be seen in Supplementary Fig. 3. As also recently shown
by Liebscher et al.32, the existence of misﬁt strain can induce
solute segregation to interfaces. However, our calculations show
that the difference in the chemical potential of C between ferrite
and cementite is already ~0.9 eV. Thus, in the present case the
misﬁt strain has negligible impact on the C segregation. When
cementite grows, C will continuously diffuse from the ferrite
matrix to supply the transformation at the interface. Notably, the
presence of strain may also lead to a deviation from stoichiometry
in cementite at the interface, but it is beyond the focus of
this work.
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Fig. 5 Comparison of atomic structures from theory and experiment. a The sectioning planes of ð111Þα , (001)α and (110)α (as indicated by green, red, and
blue lines, respectively) projected on ð110Þα . b–d The atomic structures of the ð111Þα , (001)α, and (110)α cross-sections in the superlattice plotted on top of
the experimental HRTEM images in Fig. 1(c–e). Scale bar, 2 nm

Lattice transformation from ferrite to cementite. Now the key
question is how the ferrite lattice reconstructs at the interface to
accommodate the segregated C. Assuming that 25 at.% C occupying interstitial sites like site 0 has been accumulated at interface
I, we identify an orthorhombic unit cell with 12 Fe atoms and
4C atoms for ferrite (dashed box) similar to the unit cell of
cementite as shown by the inset in Fig. 4d. The MEP of the ferrite
(with 25 at.% C) → cementite transition is then computed to
understand the atomistic mechanism using again the NEB
method28 based on both the Ruda EAM potential and densityfunctional theory (DFT) (see the Methods section for details).
The results shown in Fig. 4d reveal that the Ruda EAM potential
gives a rather similar energy proﬁle to the one obtained by DFT,
which further validates its reliability in describing the ferrite/
cementite interface and the related phase transformations. An
energy barrier of ~0.84 eV/cell is observed along the MEP. More
importantly, our detailed analysis of the atomic displacements
along the MEP reveals that the ferrite → cementite transformation mainly involves a shear-like shufﬂing of the Fe atoms along
±[111]α directions as indicated by the black arrows in Fig. 2 and
the inset in Fig. 4d. When Fe atoms shufﬂe along ±[111]α
directions, the C atoms cooperatively adjust their positions to ﬁt
into their new atomistic environment. Such cooperative displacements of the Fe and C atoms realizes the transformation

from ferrite to cementite at the interface front. In fact, as we have
found in our earlier studies17, there exists a metastable intermediate structure (MIS) during the ferrite → cementite transition. The MIS stands among bcc ferrite, fcc austenite and
orthorhombic cementite, and realizes the structural transformations among the three phases by shufﬂing the Fe lattice along
±[111]α directions. Therefore, combining the C segregation to
interface I with the collective reconstruction of the Fe lattice,
there is now a consistent picture how the nanoprecipitate of
cementite grows along the direction perpendicular to interface I.
To conclude, we have identiﬁed a preferential growth direction
of nanoprecipitates in a Fe–Cr–C alloy. HRTEM characterizations and atomistic simulations were used to understand the
fundamental mechanisms. It was found that there exists a
sophisticated cooperative mechanism that combines interstitial
segregation with collective host lattice reconstruction at the
interface front. This ﬁnding constitutes a critical step towards a
better understanding and tailoring of nanoprecipitates in
interstitial alloys, which has a direct technological impact on
making ultra-high-performance alloys.
Methods
Sample preparation. Button-shaped with diameters of 20 mm alloy ingots were
produced by arc-melting electrolytic Fe (99.99 wt.% purity), Cr (99.99 wt.% purity)
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and a Fe–C pre-alloy (2.15 wt.% C) under vacuum. The ingots were ﬂipped and
melted 10 times under high vacuum in the arc-melter to ensure homogeneity. The
alloy was then solution treated at 1150 °C for 4 h followed by water-quenching to
obtain martensitic microstructures. Sample discs of 5 mm in diameter and 0.8 mm
thick were then machined from the ingot. Nanosized cementite precipitates were
obtained by heating the sample discs at 10 °C/min to 270 °C in vacuum and
quenched with hydrogen gas to room temperature in a TA DIL 805A/D
dilatometer.

3.
4.
5.
6.
7.

HRTEM characterization. TEM thin foils were prepared by grinding 3 mm-diameter discs to a thickness of 50 μm, followed by twin-jet electropolishing in a
TenuPol-5 (from Struers). Good thinning conditions were achieved using an
electrolyte consisting of 70 vol.% methanol, 20 vol.% glycerin, and 10 vol.% perchloric acid, ﬂow rates between 15 and 20 and voltages of 30 V at −11 °C. HRTEM
imaging was performed using an FEI Tecnai Supertwin F20 equipped with a ﬁeld
emission gun operating at 200 kV. The zone directions of cementite nanoprecipitates were analyzed using FFT methods.
Superlattice construction. We constructed a superlattice consisting of 5 × 5 ×
5 supercell of cementite (1500 Fe atoms + 500C atoms) embedded in a bcc Fe host
lattice of 186000 Fe atoms with the Bagaryatsky OR22 to simulate the nanoprecipitate of cementite in the ferrite matrix (see Supplementary Data 1 and 2).
According to our comparison shown in Supplementary Fig. 4, the size of the
cementite precipitate in our atomistic simulations is comparable with experimental
one.

8.
9.

10.
11.
12.

13.
14.

the lammps33

Atomistic simulations. Atomistic simulations were performed using
package with mainly the EAM potential developed by Ruda et al.26. The EAM
potential by Becquart et al.30 is employed to inspect the diffusion barrier of C in
bcc ferrite. The modiﬁed EAM (MEAM) potential by Liyanage et al.31 is used for
cross validation. A detailed comparison of the performance of the empirical
potentials is provided in Supplementary Note 1 and Supplementary Tables 1 and 2.
Atomic relaxations are performed until residual forces are smaller than 10−3 eV/Å.

Interface energy. As shown by Ruda et al.26, computing the interface energy
between ferrite and cementite is non-trivial due to a linear scaling of the elastic
strain energy with the number of atomic layers used in the calculations. Following
the scheme proposed by Ruda et al., we ﬁrst computed the excess energy of the
interface as a function of the number of layers (see the inset in Fig. 4b). By
extrapolating these lines to an inﬁnitely thin interface, we could then extract the net
contribution of the interface energy. Divided by the corresponding interface area,
we obtained the interface energies for three binary interfaces (I, II, and III) as
shown in Fig. 4b.
NEB simulations. NEB simulations were performed using the climbing-NEB
algorithm developed by Sheppard et al.28 as implemented in both the lammps and
vasp34 packages. Linearly interpolated images between the initial and ﬁnal conﬁgurations were used to initialize the transition path for the NEB calculations. A
spring constant of −5 eV/Å2 was used to constrain the structural relaxation along
the transition path.

15.

16.

17.

18.
19.
20.
21.

22.
23.
24.

DFT calculations. DFT calculations were carried out using the vasp34 package.
Spin-polarization was taken into account for all DFT calculations. We used the
projector augmented wave (PAW)35 potentials within the Perdew-Burke-Ernzerhof
(PBE)36 parametrization of the exchange-correlation functional. Based on our
convergence test, we used a plane-wave energy cutoff of 400 eV and ~10,000 kpoints × atoms generated from a uniform Monkhorst-Pack37 sampling of the
Brillouin-zone in order to ensure a reliable description of the structures.

26.

Data availability

28.

The datasets generated during the current study are available from the corresponding
authors on request

25.

27.

29.

Received: 5 April 2018 Accepted: 7 September 2018
30.
31.

References

32.

1.

33.

2.

6

Zou, L., Li, J., Zakharov, D., Stach, E. A. & Zhou, G. In situ atomic-scale
imaging of the metal/oxide interfacial transformation. Nat. Commun. 8, 307
(2017).
Zou, Y., Ma, H. & Spolenak, R. Ultrastrong ductile and stable high-entropy
alloys at small scales. Nat. Commun. 6, 7748 (2015).

34.

Wang, L. et al. In situ atomic-scale observation of continuous and reversible
lattice deformation beyond the elastic limit. Nat. Commun. 4, 2413 (2013).
Frolov, T., Olmsted, D. L., Asta, M. & Mishin, Y. Structural phase
transformations in metallic grain boundaries. Nat. Commun. 4, 1899 (2013).
Wang, Y. M. et al. Additively manufactured hierarchical stainless steels with
high strength and ductility. Nat. Mater. 17, 63–71 (2017).
Jiang, S. et al. Ultrastrong steel via minimal lattice misﬁt and high-density
nanoprecipitation. Nature 544, 460–464 (2017).
Zhang, J., Tasan, C. C., Lai, M. J., Dippel, A. C. & Raabe, D. Complexionmediated martensitic phase transformation in Titanium. Nat. Commun. 8,
14210 (2017).
Koyama, M. et al. Bone-like crack resistance in hierarchical metastable
nanolaminate steels. Science 355, 1055–1057 (2017).
Li, Z., Pradeep, K. G., Deng, Y., Raabe, D. & Tasan, C. C. Metastable highentropy dual-phase alloys overcome the strength-ductility trade-off. Nature
534, 227–230 (2016).
Herbig, M. et al. Atomic-scale quantiﬁcation of grain boundary segregation
in nanocrystalline material. Phys. Rev. Lett. 112, 126103 (2014).
He, B. B. et al. High dislocation density-induced large ductility in deformed
and partitioned steels. Science 357, 1029–1032 (2017).
Zhang, X., Hickel, T., Rogal, J. & Neugebauer, J. Origin of structural
modulations in ultrathin Fe ﬁlms on Cu(001). Phys. Rev. Lett. 118, 236101
(2017).
Guo, W. et al. Shear-induced mixing governs codeformation of crystallineamorphous nanolaminates. Phys. Rev. Lett. 113, 035501 (2014).
Li, Z., Tasan, C. C., Springer, H., Gault, B. & Raabe, D. Interstitial atoms
enable joint twinning and transformation induced plasticity in strong and
ductile high-entropy alloys. Sci. Rep. 7, 40704 (2017).
Huang, L. -F. et al. From electronic structure to phase diagrams: A bottom-up
approach to understand the stability of titanium-transition metal alloys.
Acta Mater. 113, 311–319 (2016).
Lawrence, S. K. et al. Effects of grain size and deformation temperature on
hydrogen-enhanced vacancy formation in Ni alloys. Acta Mater. 128, 218–226
(2017).
Zhang, X. et al. Structural transformations among austenite, ferrite and
cementite in Fe-C alloys: A uniﬁed theory based on ab initio simulations. Acta
Mater. 99, 281–289 (2015).
Wang, H. Ex situ and in situ TEM investigations of carbide precipitation in a
10Cr martensitic steel. J. Mater. Sci. 53, 7845–7856 (2018).
Jiang, C. & Srinivasan, S. G. Unexpected strain-stiffening in crystalline solids.
Nature 496, 339–342 (2013).
Li, Y. et al. Segregation stabilizes nanocrystalline bulk steel with near
theoretical strength. Phys. Rev. Lett. 113, 106104 (2014).
Liebscher, C. H. et al. Tetragonal fcc-Fe induced by κ-carbide precipitates:
Atomic scale insights from correlative electron microscopy, atom probe
tomography, and density functional theory. Phys. Rev. Mater. 2, 023804
(2018).
Bagaryatsky, Y. A. Veroyatnue mechanezm raspada martenseeta. Dokl. Akad.
Nauk SSSR 73, 1161 (1950).
Isaichev, I. V. Orientatsiya tsementita v otpushchennoi uglerodistoi stali.
Zh. Sakharnoi Promst 17, 835–838 (1947).
Petch, N. J. The orientation relationships between cementite and α-iron.
Acta Crystallogr. 6, 96 (1953).
Williams, D. B. & Carter, C. B. Transmission Electron Microscopy: A Textbook
for Materials Science (Springer, New York, 2009).
Ruda, M., Farkas, D. & Garcia, G. Atomistic simulations in the Fe-C system.
Comput. Mater. Sci. 45, 550–560 (2009).
Zhang, X., Hickel, T., Rogal, J. & Neugebauer, J. Interplay between interstitial
displacement and displacive lattice transformations. Phys. Rev. B 94, 104109
(2016).
Sheppard, D., Xiao, P., Chemelewski, W., Johnson, D. D. & Henkelman, G.
A generalized solid-state nudged elastic band method. J. Chem. Phys. 136,
74103 (2012).
Guziewski, M., Coleman, S. P. & Weinberger, C. R. Atomistic investigation
into the atomic structure and energetics of the ferrite-cementite interface:
The Bagaryatskii orientation. Acta Mater. 119, 184–192 (2016).
Becquart, C. S. et al. Atomistic modeling of an Fe system with a small
concentration of C. Comput. Mater. Sci. 40, 119–129 (2007).
Liyanage, L. S. I. et al. Structural, elastic, and thermal properties of cementite
(Fe3C) calculated using a modiﬁed embedded atom method. Phys. Rev. B 89,
094102 (2014).
Liebscher, C. H. et al. Strain-induced asymmetric line segregation at faceted
Si grain boundaries. Phys. Rev. Lett. 121, 015702 (2018).
Plimpton, S. Fast parallel algorithms for short-range molecular dynamics.
J. Comput. Phys. 117, 1–19 (1995).
Kresse, G. & Furthmüller, J. Efﬁcient iterative schemes for ab initio totalenergy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186
(1996).

NATURE COMMUNICATIONS | (2018)9:4017 | DOI: 10.1038/s41467-018-06474-w | www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06474-w

35. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953–17979
(1994).
36. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865 (1996).
37. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations.
Phys. Rev. B 13, 5188–5192 (1976).

Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Acknowledgements
We gratefully acknowledge the ﬁnancial support of the Max-Planck Society within
the International Max-Planck Research School for Surface and Interface Engineering
in Advanced Materials (IMPRS-SurMat).

Author contributions
H.W. and X.Z. designed the project. H.W. performed all the experimental characterizations. X.Z. did all the atomistic simulations. D.Y. prepared the experimental samples.
H.W., C.S., and G.E. analyzed and discussed the HRTEM results. All authors contributed
to writing the paper.

Additional information

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467018-06474-w.
© The Author(s) 2018

NATURE COMMUNICATIONS | (2018)9:4017 | DOI: 10.1038/s41467-018-06474-w | www.nature.com/naturecommunications

7

