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ABSTRACT
The pronounced mechanical property of pearlitic steels 
highly correlates with the ferrite (bcc-Fe)/cementite (Fe3C) 
boundaries inside. Unraveling the interface structure at 
an atomic level is essential for interpreting the material’s 
property. In the present study, using aberration-corrected 
scanning/transmission electron microscopy combined with 
density functional theory calculations, we reveal the atomic 
configuration as well as the electronic structure of the Fe/
Fe3C interfaces with the Isaichev orientation in pearlite. The 
interface with terminating layer Fe–C–Fe in cementite has the 
lowest energy due to the formation of interfacial Fe–C bonds. 
Terrace steps which are frequently observed at the interfaces 
would not break the lattice match between the two phases.

1.  Introduction

Nanolamellar materials have come into greater focus in the past two decades, since 
they possess many enhanced qualities: high strength, thermal stability, radiation 
damage tolerance, etc. [1–4]. Among various multilayered composites, pearlitic 
steel composed of ferrite/cementite lamellae should be one of the most classical 
engineering material, which is irreplaceably used in industry, such as rails, cables 
and tire cords, due to the high strength and sufficient ductility [5–8]. The extreme 
tensile strength of cold-drawn pearlitic steel wires even approaches 7 Gpa, making 
it the strongest composite in all bulk structural materials known [9].

The pronounced properties strongly correlate with the high density of interfaces 
inside the material. In nanostructured multilayers, the interlayer spacing cannot 
accommodate dislocation pile-ups and the interactions of a single dislocation with 
the interfaces become important [10]. The dislocation behaviours highly depend 
on the structural characteristics, e.g. crystallographic orientations and misfit strain 
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state, of the interfaces [11–13]. Particularly, the dislocation/interface interactions 
in pearlite would give rise to cementite decomposition by which the carbon atoms 
are released into ferrite and the material is further strengthened [6,14,15].

Towards fully interpreting the mechanical properties of the pearlitic steels, 
revealing the microstructures of the ferrite/cementite interface at an atomic level 
is essential, while the priority is the interfacial structures in the as-patented sam-
ples. The as-patented interface is the structural basis and the deformed structures 
basically come from the interactions between dislocations and the as-patented 
interfaces. In the past decades, considerable effort has been made to this issue. For 
instance, through conventional TEM, Zhou and Shiflet [16] systematically studied 
several crystallographic orientations and the corresponding interface structures 
in pearlitic steels. In a recent work, Guziewski et al. [17] performed molecular 
dynamics (MD) simulations to investigate the interface configurations, demon-
strating that the interfaces have variant energies and misfit dislocation patterns 
with respect to the different terminating layers of cementite at the interface.

To our knowledge, however, the atomic configurations of the ferrite/cementite 
interfaces are still unclear in experiment so far. The lacking information should be 
attributed to the resolution deficiency of conventional TEM due to the aberrations 
of lens. Recent progress in aberration correction hardware in TEM makes the 
imaging technique a promising method for resolving the atomic configurations of 
interphase boundaries in alloys [18–20]. In the present work, aberration-corrected 
(S)TEM imaging combined with density functional theory (DFT) calculations 
are performed to determine the structures of the ferrite/cementite interfaces as 
well as the interfacial defects. The stable configuration and the binding state of 
the interface are unraveled. This research may provide fundamental insight into 
the interface-related properties in pearlitic steels.

2.  Experimental procedure

The investigated pearlitic steel wires with a carbon content of 0.8 wt.% were sup-
plied by Sunnywell (China) New Material Technology Co. Ltd. The as-patented 
samples (diameter 1.25  mm) were processed to obtain a fine pearlitic micro-
structure. TEM samples were prepared by standard grinding and electrochemical 
polishing (10% perchloric acid in ethanol). Gatan PIPS 691 ion milling was used 
to remove the oxide layer on sample surfaces before TEM observations.

The microstructure observations and electron diffraction analysis were per-
formed on a FEI Tecnai G2 F30 TEM. An FEI Titan Cube 60–300 TEM (oper-
ated at 300 kV) with both probe and image correctors was used to investigate 
the atomic-scale structures. Under scanning/transmission electron microscopy 
(STEM) mode, the convergent semi-angle was chosen as 20.8 mrad, and a large 
inner collection angle was set as 50 mrad.
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3.  DFT calculation details

All calculations were performed with Vienna Ab initio Simulation Package  
[21]. The projector-augmented wave [22,23] method was used to describe the 
core-valence electron interaction and the generalised gradient approximation [24] 
to treat the exchange correlation between electrons. The plane-wave cut-off energy 
was set at 400 eV and the Monkhorst-Pack scheme [25] was used for the k-point 
sampling. The lattice parameters of the bulk Fe3C was optimised in calculations 
to be a = 0.447 nm, b = 0.502 nm, and c = 0.672 nm, which is in good agreement 
with experimental value of a = 0.452 nm, b = 0.508 nm, and c = 0.673 nm [26]. 
The calculated result of the lattice of a bcc Fe is a = 0.283 nm, close to the exper-
imental values of a = 0.287 nm [27].

Normal to the interface, a compositional stacking period in Fe3C crystal con-
sists of three sub-layers, namely, Fe1–C–Fe2｜Fe3–Fe4｜Fe5–C–Fe6. Each atomic 
plane in the three sub-layers would possibly be the termination of Fe3C at the 
interface.

The lattice misfit between the two phases is very small (~0.4% in the [1 1̄ 0]
f

//[1 0 1̄]
c
 direction and ~ 1% in the [1  1  1]f//[0  1  0]c direction). Theoretically, 

the periodic array of misfit dislocations should be arranged with a much wide 
interspacing (~50 and ~25 nm in the two directions, respectively, estimated by 
� = b∕�, where b is the Burgers vector projected in the direction, and ε is the 
lattice parameter mismatch). Therefore, most of the interface areas separated by 
dislocations are likely to be perfectly coherency and performing the coherent 
interface approximation in computational simulations would be reasonable.

The coherent ferrite/cementite interface system was built by joining the ferrite 
part and the cementite part with slab geometry. The starting in-plane positions 
of the two parts were referred to the atomic-resolution STEM images and the 
possible configurations were tested. The initial separation between the two parts is 
appropriately adjusted according to the interplanar spacing of the (1 1 2̄) plane in 
ferrite and the (1 0 1) in cementite. The ferrite part contains nine atomic sub-layers 
and the cementite part contains three compositional stacking periods. A vacuum 
layer with thickness of 13Å was inserted to separate the periodically repeated slabs. 
All the atoms are allowed to relax. Structures were optimised until the Hellman-
Feynman forces on each atom were smaller than 0.05 eV/Å.

The interface energy of the system was calculated following the equation [28]:

where EF∕c is the total energy of the ferrite/cementite system which contains x bulk 
unit cells of Fe and y unit cells of Fe3C, EbulkF and EbulkC are the bulk energies per 
formula unit in the bcc Fe and Fe3C crystal, respectively, Ai is the interface area, �sF 
and �sC denote the corresponding surface energies of Fe (1 1 2) and Fe3C (1 0 1).

�i =
[

EF∕C −
(

xEbulkF + yEbulkC

)]

∕Ai − (�sF + �sC)
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4.  Results and discussion

4.1.  The structures of the ferrite/cementite interfaces in as-patented samples

Figure 1(a) shows a typical TEM image of the ferrite and cementite lamellae in 
a pearlite colony. Inset is the corresponding selected-area electron diffraction 
(SAED) pattern. Statistics show that the cementite layers parallel to each other 
have nearly uniform thickness which is about 10 nm, while the thickness of the 
ferrite layers ranges from 50 to 100 nm. The orientation relationship (OR) between 
ferrite and cementite is expressed as: [1 1 1]f//[0 1 0]c, [1 1 2̄]f//(1 0 1)c, where 
the footnotes f and c refer to the ferrite phase and cementite phase, respectively. 
The above pearlite lamellae OR is common in the present wire, which is well 
known as the Isaichev relationship [16]. There are some other ORs (for instance, 
the Pitsch-Petch OR and the Bagaryatskii OR) in pearlite reported by previous 
research [16,29]. The frequency of various ORs appeared depends on the pearlite 
transformation temperature.

Under two-beam imaging conditions, dislocations are always clear seen in the 
ferrite layers and confined by the ferrite/cementite interfaces. The difference in 
thermal expansion coefficients between ferrite and cementite causes considerable 
stress and consequently the dislocations upon cooling [8].

High-resolution TEM image of the ferrite/cementite interfaces is shown in 
Figure 1(b). The interface exhibits a coherent and flat feature. As arrowed, the 
non-periodical interfacial dislocations are observed. The density of the disloca-
tions varies from area to area. Apparently, the interspacing between dislocations 
in this micrograph is much smaller than the theoretical value of misfit dislocations 
led by lattice mismatch, but comparable with the spacing of dislocation arrays in 
ferrite layers. It suggests that the interfacial dislocations belong to the ‘hairpin’ 
dislocation loops in ferrite, as the model proposed in Ref. [10].

To resolve the atomic configuration of the ferrite/cementite interface, high- 
resolution HAADF STEM imaging in which the contrast intensity of an atomic 

Figure 1.  (a) A TEM micrograph of the lamellar pearlite and the corresponding selected-area 
electron diffraction pattern. The ferrite and cementite lamellae exhibit the Isaichev orientation 
relationship, i.e. [1 1 1]f//[0 1 0]c, (1 1 2̄)f//(1 0 1)c. (b) a high resolution TEM image of the ferrite/
cementite lamellae. The interfacial dislocations are arrowed.
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column is dominated by the atomic number was performed to characterise the 
interphase boundary. The HAADF images viewed along two perpendicular direc-
tions, i.e. [1 1 1]f//[0 1 0]c and [1 1̄ 0]

f
//[1 0 1̄]

c
 are, respectively, displayed in Figure 

2(a) and (b). The bright dots in this image represent the positions of Fe columns. 
In these projections, a single column in bcc-Fe crystal contains twice Fe atoms 
as much as that in Fe3C with the same thickness, therefore the ferrite shows 
brighter contrast. Under the imaging conditions, the 0.75Å spacing of dumbbell 
Fe columns is able to be resolved. Unfortunately, due to the small Z number, the 
carbon atoms did not show distinguishable contrast, which poses a significant 
hurdle to unambiguously determine the atomic configuration of the interface 
using HAADF imaging alone.

To address this question, first-principles calculations were applied for model-
ling the interfacial structures. Based on the accurate positions of Fe atoms in the 
HAADF images in Figure 2(a) and (b), we constructed five possible connection 
variants labelled as model I to V, in which the ferrite are placed atop the cementite 
terminated with each of the atomic planes in either the Fe1–C–Fe2 sub-layer or the 
Fe3–Fe4 sub-layer (Figure 3). The interface stability is estimated by comparing the 
calculated interface energies which are summarised in Table 1. The result indicates 
the interface with terminating plane Fe1–C–Fe2 is most preferable.

The calculated results were verified by STEM imaging simulations on the basis 
of the relaxed interface structure in comparison with the experimental images. 
The simulation is operated by the QSTEM software [30] and takes the specimen 
thickness and residual lens aberrations together into account. Figure 4(a) is an 
enlarged experimental image of the interface viewed along the [1 1 1]f//[0 1 0]c 
direction. As a direct comparison, the simulated image is shown in Figure 4(b). 
The atomic positions in the relaxed slab are displayed in Figure 4(c). Because the 
bonding at the interface is somewhat different from that in the bulk, the atoms 

Figure 2.  (a) High-resolution HAADF images of the ferrite/cementite interface viewed along the 
[111]f//[010]c zone axis, and (b), along the [1 1̄ 0]

f
//[1 1 1̄]

c
 zone axis, respectively.
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close to the interface usually rearrange their positions. Seen from the atomic 
positions in Figure 4(c), a slight reconstruction indeed happens in the Fe1–C–Fe2 
sub-layers in cementite near the interface. Consequently, the dumbbell Fe atoms, 
as denoted by arrows, get close to each other and are not able to be distinguished 
in both the experimental and simulated HAADF images. Nevertheless, we can 
still tell them apart from the Fe columns in ferrite by their dark contrast. The 
interfacial carbon atoms also show some deviation from the original positions 
(see also Figure 4(c)), which are invisible in the HAADF images. The interfacial 
reconstruction is more evident when it is imaged along the orthogonal direction. 
Figure 4(d)–(f), respectively, show the experimental micrograph, simulated image 
and relaxed slab model along the [1 1̄ 0]

f
//[1 0 1̄]

c
 direction. The topmost dumbbell 

Fe atoms nearly superpose along the viewing direction and present as a single dot 
in the HAADF image. Judging from the simulated results, we can conclude that 
the computationally relaxed structure matches very well with the experimental 
findings, which further indicates the validity of the interface model.

The large difference in interface energy between the models with different 
interface terminations should be ascribed to the interfacial chemical environ-
ment. Figure 5(a) shows a stereoscopic illustration of the interface model I. The 
interfacial C atoms have the identical coordination environment with that in 
bulk cementite, which is enclosed by a triangular prism with six Fe atoms. The 

Figure 3. (colour online) Atomic models labelled as I–V with different terminations in cementite 
at the interface. The Fe–C–Fe and Fe–Fe sub-layers are highlighted by pink and grey stripes, 
respectively.

Table 1. Interface energies of the structure models labelled as I–V.

Model I II III IV V 
Energy (J/m2) 0.449 1.125 1.651 0.687 1.765
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Figure 4.  (colour online) Direct comparison between the simulated HAADF images and the 
experimental ones: (a) an enlarged HAADF image of the ferrite/cementite interface viewed along 
the [1 1 1]f direction. (b) The simulated image based on the atomic positions shown in (c) which is 
the outcome of the computational relaxation. (d)–(f ) are experimental HAADF image, simulated 
image and atomic projection, respectively, along the [1 1̄ 0]

f
 direction. The arrows denote the 

atomic reconstruction at the interface. The HRSTEM image simulations were obtained for a 
specimen thickness of 15.5 nm, Cs value of 1 μm and a defocus value of 2 nm.

Figure 5. (colour online) (a) Schematic of the coordination of carbon atoms at the interface and 
in the bulk. (b) a slice of the differential charge density along the(1 1̄ 0)

f
 plane.The position of the 

slice in the model is illustrated by a shadow plate in (a). The unit is e·bohr−3. These pictures are 
produced by VESTA [33]. Electron transfer is found between the interfacial C atoms and the Fe 
atoms in ferrite.
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Fe atoms in ferrite near the interface serve as a part of the triangular prism and 
form chemical bonds with the interfacial C atoms. The differential charge density 
is often used to illustrate naturally how the valence electrons are redistributed to 
form adhesive bonds. Figure 5(b) shows a (1 1̄ 0)

f
 slice of the differential charge 

density of this model. In the map, electron transfer between C and Fe atoms is 
clearly visible. The interfacial Fe–C bonds are very similar in character to those 
calculated in the bulk Fe3C, indicating the strong bonding between cementite and 
ferrite layers via the interfacial C atoms.

Among these five interface slabs, model II, III, and V are non-stoichiomet-
ric. The unsaturated bonds of the interfacial carbon atoms account for the high 
interface energy in the three models. Regarding to model IV, the higher interface 
energy compared to model I should be attribute to the weak bonding between 
ferrite and the Fe terminating plane in cementite.

The terminating plane of cementite layer and the energy of the interface with 
the Bagaryatskii OR have been investigated via MD simulations by Guziewski  
et al. [17]. The interface with terminating FeC layer has the lowest energy, which 
is similar to our results. Their work suggests the energies of the interfaces with 
different terminations are determined by the atomic coherency and the misfit 
dislocation structures. Due to the computational limitations of ab initio method, 
performing calculations on a supercell that accommodates the misfit dislocation 
network is impractical. Thus, the effect of interfacial dislocations is neglected. 
Nevertheless, the lattice mismatch between ferrite and cementite with the Isaichev 
OR is an order of magnitude smaller than that with the Bagaryatskii OR (~10.7%). 
The wide spaced misfit dislocations are believed not to have great influence on 
the configuration of the coherent region, although they may increase the value 
of the total interface energy to some extent, as suggested by Schnitker et al. [31]. 
It is unclear that, in the deformed pearlitic steel, whether the accumulated strain 
induced by the high density of dislocations at the interface (like the ones in Figure 
2(b)) would change the interface configuration. This is an important question for 
our further study.

4.2.  Interfacial defects

Carefully examining the ferrite/cementite boundaries, interfacial steps are fre-
quently seen. The interfacial steps have been investigated by Zhou et al. [16,32]. 
Their work demonstrated that the curvature and thickness of the cementite lamella 
can be adjusted by a series of steps at the interface and the true habit plane is 
maintained. However, due to the resolution deficiency of conventional TEM, the 
connection configuration of the two phases near the step could not be character-
ised. As an important interfacial structure, the steps are studied by high-resolution 
HAADF imaging in this work as well.

A typical interfacial step is displayed in Figure 6(a). The terrace is atomically 
flat with the habit plane (1 1 2̄)

f
//(1 0 1)c. On closer inspection, the ferrite lattice 
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matches well with cementite around the step, in other words, the step does not 
introduce any additive defect, such as misfit dislocation or stacking fault into 
the two phases. It should be attributed to that the interplanar spacing of ferrite 
(1 1̄ 2̄)

f
 is closely equal to the spacing between the sub-layers in cementite (1 0 1) 

(~0.12 nm). However, to maintain the afore-resolved low energy interface stack-
ing on both sides of the step, the smallest step height is required to match the 
compositional stacking period, i.e. the value of three sub-layers’ spacing of about 
0.36 nm in cementite.

The height of the steps we observed in experiments was measured to be an 
integral multiple of this value. Figure 6(b) shows a terrace step whose height is four 
times larger than the one in Figure 6(a). The pink arrows denote the positions of 
the Fe1-C-Fe2 sub-layers in cementite, which can be identified as the terminations 
of cementite at both the upper and lower interfaces. From the HAADF images, we 
can hardly define the facet of the steps. The vague contrast of the lattice fringes 
in cementite near the step in Figure 6(b) may indicate that the step facet inclines 
to the electron beam direction.

5.  Conclusions

By means of aberration-corrected TEM and DFT calculations, the atomic-scale 
structures of the ferrite-cementite interfaces in pearlitic steel wires are investi-
gated. We draw the following conclusions:

(1) � The configuration of the interface is determined as a stacking sequence 
of Feferrite-(Fe1–C–Fe2)cementite. The interfacial Fe-C bonding at the inter-
face is the underlying reason for the stable interface configuration.

(2) � Atomic-scale imaging shows that the terrace step at the interface would 
not break the lattice match between ferrite and cementite. The height of 

Figure 6.  (a) A HAADF image of the terrace step at the ferrite/cementite interface. The arrows and 
corresponding numbers denote different (1 0 1) sub-layers in cementite. The pink arrows point 
to the positions of Fe1–C–Fe2 planes. On both sides of the step, the interface keeps the stable 
stacking configuration as shown above. Such terrace step would not introduce any structural 
defects to the continuous layers. (b) An interfacial step with the height four times larger than 
that in (a).
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a terrace step is coincident with the compositional stacking period in 
cementite normal to the interface. The configuration is benefit to main-
tain the stable interfacial stacking on both sides of the step.
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