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Fatigue is of significant importance to the engineering applications of the structural materials. High-strength
pearlite steel consisting of a ductile ferrite phase and a brittle cementite phase is a widely used structural
metal for extreme load-bearing applications. However, the fatigue mechanisms of such important materials
remain elusive, in particular, the atomic-scale dislocation behaviors at interface are poorly understood. We
used molecular dynamics simulations to probe the mechanical response and deformation mechanism of the
Bagaryatskii-oriented ferrite-cementite interface in pearlite. The interface was subjected to a hundred sym-
metric tension-compression deformation cycles. Three different loading schemes with strain magnitudes of
4.0%, 6.0%, and 9.0% are sophisticatedly designed to explore the cyclic plastic mechanisms under different
conditions corresponding to pure elasticity, elasticity in tension but plasticity in compression, and plasticity
in both tension and compression, respectively. During cyclic deformation, rapid dislocation accumulation
occurs in the first 30 cycles, after which dislocation density decreases to a stable value in ferrite. It is found
that the onset of plasticity is governed by dislocation nucleation from the ferrite-cementite interface. After
slip into the ferrite phase, some dislocations annihilate at the interface. After a few tens of cycles, the disloca-
tion nucleation and annihilation rates become equal, leading to a steady-state flow in cyclic deformation. Up
to high cycles with large strain magnitude, the magnitude of plastic strain in pearlite is higher than critical
values and slip crosses the interface from the ferrite phase to the brittle cementite phase. Dislocation slip in
cementite will destroy the interface structure, which may be the plastic mechanism of final fatigue failure.
Our simulations agree with experimental observations of dislocation evolution in the ratchetting of pearlitic
steels and provide further atomic-scale mechanisms to explain the fatigue failure of these materials.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Cold-drawn pearlitic steel wires are used widely in engineering struc-
tures such as automobile tires, suspension bridge cables, and engineering
springs because they combine high strength and reasonable ductility [1].
Pearlite, which is derived from the eutectic transformation of austenite,
consists of alternating lamellae of body-centered cubic (BCC) ferrite
(a-Fe) and orthorhombic cementite (Fe3C). Fatigue due to high-ampli-
tude cyclic stress is the primary cause of mechanical failure in structural
components, accounting for approximately 90% of metallic failures [2,3].
In practical service conditions, pearlitic steel structures such as mine
hoists and tower cranes are inevitably subjected to ratchetting deforma-
tion [4], which is a cyclic accumulation of inelastic deformation generated
by asymmetric stress-controlled cyclic loading. However, the exact path-
way of plastic strain accumulation and the failure mechanism under
cyclic deformation is poorly understood. Therefore, it is critical to explore
the mechanism underlying cyclic deformation, in particular down to
atomic scale.

The evolution of various configurations of dislocations and their evolu-
tion behaviors strongly influences the microscopic mechanisms underly-
ing cyclic plastic deformation in metallic materials. Gaudin and Feaugas
have found that a threshold stress induces the formation of two types of
dislocation trapping in AISI 316L stainless steels subjected to ratchetting
processes [4]. A transformation of the dislocation configuration from low-
density lines and tangles to high-density cells and sub-grains during
ratchetting deformation has been observed in polycrystalline 20 ordinary
carbon steels (BCC) [5] and 316L stainless steels (face-centered cubic, FCC)
[6] by using transmission electron microscopy (TEM) observations.
Recently, Liang et al. have used TEM and M€ossbauer spectrometry to
examine the effects of the interactions between dislocations and decom-
posed carbon atoms from cementite on the strengthening and plastic
mechanisms underlying the ratchetting deformation of cold-drawn
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Fig. 1. Atomic model of the nanoscale lamellar structure with Bagaryatskii orientation
ferrite-cementite interface, in which a and u indicate the ferrite and cementite phases,
respectively. Red and blue atoms represent Fe and carbon atoms, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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pearlitic steel wires [7]. However, the exact deformation mechanisms in
pearlite under cyclic deformation still remain unclear because of the limi-
tations of spatial-temporal resolution in the experimental characterization
techniques.

Furuhara et al. have characterized systemically the effect of the
interfaces on the mechanical properties of steels [8�10]. The ferrite-
cementite interface plays a critical role in the mechanical behaviors
of pearlite because interface serves as either source and sink, or block
of dislocations. The resultant plastic deformation mechanisms also
include interface crossings [11�13], confined layer slips [14], and dis-
location pile-ups [15,16]. Numerous atomistic modeling studies have
concentrated on the energies and structures of ferrite-cementite
interfaces up to now. In pearlite, different atomic termination planes
of the cementite supercell at the ferrite-cementite interface dictate
the chemistry and registry of the interface, which eventually deter-
mine the interfacial energies [17�19]. Dislocation arrays are formed
at the interfaces for all five orientation relationships (ORs), i.e., Bagar-
yatskii et al. [20], Isaichev, Pitsch�Petch, Near-Bagaryatskii, and
Near-Pitsch�Petch as reported in the literatures [17,19]. An extended
atomically informed Frank-Bilby (xAIFB) method [21] and a contin-
uummodel [17,19] have been proposed to characterize the structures
of misfit dislocations. They are capable of quantitatively predicting
dislocation information (dislocation vectors and spacing) and interfa-
cial energies, respectively. Meanwhile, atomistic modeling studies
have also been used to investigate the mechanical properties of fer-
rite-cementite interfaces with the Bagaryatskii orientation relation-
ship (OR) under monotonic uniaxial tensile and compressive
deformation. Guziewski et al. have noted that the mechanical proper-
ties of the ferrite-cementite interface strongly depend on the lamellar
thickness, on the volume ratios, and on the various ORs between the
ferrite and cementite phases [22,23]. More recently, Shimokawa et al.
have reported that higher ductility can be achieved in drawn pearlite
by controlling the interfacial dislocation spacing. The spacing accom-
modates the misfit strain between the ferrite and cementite phases,
and consequently determines the phase stress and the interfacial dis-
location structure [24]. We have found in previous work [25] that the
increased strength and ductility of annealed pearlite is caused by the
decomposed carbon atoms, which block the movement of disloca-
tions. Annealing also leads to non-continuous cementite layers that
can serve as tunnels for the spread of dislocations and improve the
ductility. Finally, Ghaffarian et al. have reported that the ductility
of pearlite is related to the loading direction and is improved by
either increasing the temperature or reducing the interlamellar
spacing [26].

Existing atomistic modelings focus mostly on the static interface
structures and energetics and on the interface dislocation structure
and evolution under monotonic loading. The plastic response of the
ferrite-cementite interface under cyclic deformation, which is more
relevant to the fatigue mechanism of pearlitic steels, is less frequently
discussed.

In the present work, we settle the issues by characterizing the
roles of interfaces and interfacial dislocations in the deformation
behavior of the nanoscale lamellar between the ferrite and cementite
phases in pearlite. The interface with Bagaryatskii OR under symmet-
ric tension-compression cyclic deformation was simulated by using
molecular dynamics (MD). In Section 2 we describe the atomistic
model and calculation details. Simulations were also performed to
obtain the fully relaxed structure of the ferrite-cementite interface.
Monotonic uniaxial tensile and compressive tests were carried out to
obtain the mechanical properties. Three different strain levels were
chosen for cyclic deformation with a constant strain rate. In Section 3
we present the cyclic stress response, dislocation density analysis,
and dislocation evolution at the three different strain levels. At low
strain (4.0%), elastic deformation occurs in both ferrite and cementite
phases and no interfacial dislocation nucleates from the ferrite-
cementite interface. At an intermediate strain (6.0%), only ferrite
deforms plastically, while cementite deforms elastically. At high
strain (9.0%), plastic and inelastic deformation occurs in the ferrite
and cementite phases, respectively. During cyclic plastic deformation
(6.0% and 9.0%), dislocation density initially increases rapidly before
decreasing and finally evolving to a steady state. In Section 4 we ana-
lyze the mechanism underlying cyclic deformation in pearlite. We
capture the process of dislocation nucleation and annihilation during
cyclic plastic deformation. Slip transfer through the ferrite-cementite
interface is characterized to study the synergistic effect between the
ferrite and cementite phases. To the best of our knowledge, the cur-
rent work is possibly the first attempt to explore the fatigue mecha-
nism in pearlitic steels at the atomic level. Our simulations shed light
on the cyclic mechanical response and fatigue mechanism of pearlitic
steels by elucidating the interplay between the dislocations and the
interfaces. It also allows for the comparison of interface with other
ORs, as well as cementite decomposition process in the near future.
2. Methodology

2.1. Atomic model

MD simulations were performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) package [27].
Although five orientation relationships have been reported so far, the
Bagaryatskii OR is the most widely studied for its high degree of reg-
istry. Using the convention a � b � c for the unit cell of cementite, the
Bagaryatskii OR can be expressed as: ½100�u k ½110�a, [010]uk[111]a,
and ð001Þu k ð112Þa. Here the subscripts u and a denote cementite
and ferrite, respectively. We used the Tersoff potential developed by
Henriksson et al. [28] to maintain a balance between computation
cost and accuracy. The calculated lattice parameters of orthorhombic
cementite are a = 4.48 A

�
, b = 4.96 A

�
, and c = 6.47 A

�
, which are in good

agreement with the experimental values of a = 4.52 A
�
, b = 5.08 A

�
, and

c = 6.73 A
�
[29]. The BCC Fe has a calculated lattice parameter of

a = 2.89 A
�
, which is close to the experimental value of a = 2.87 A

�
[30].

The simulation model has a “sandwiched” shape, with dimensions
Lx £ Ly £ Lz = 13.1 £ 46.0 £ 14.2 nm3 (»0.88 million atoms) oriented
along the principal x: [100]u || ½110�a, y: [010]u || [111]a, and z: [001]u
|| ½112�a directions, as shown in Fig. 1. The interfacial plane was
made large enough to minimize the strain required to create a coher-
ent interface (Lx £ Ly = 13.1 £ 46.0 nm2). The strain is determined by
ɛ = 2(Lui � Lai ) / (L

u
i + Lai ) (i = x, y), where Lui and Lai represent the inter-

facial lengths of the cementite and ferrite phases, respectively. In this
way, the strains in the x and y directions are calculated to be �0.07%
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and 0.24%, respectively. The influence of different atomic terminating
planes (Fe-FeC, FeC-Fe, and Fe-Fe) of cementite with the Bagaryatskii
OR on the energetics and structures of the ferrite-cementite interface
has been characterized by Guziewski et al. [19]. In the present work,
both ferrite-cementite interfaces are made of the same Fe-FeC termi-
nating plane to avoid carbon atoms in accordance with the scheme of
Shimokawa et al. [24]. There are minimal differences in the mechani-
cal response of the various terminating planes according to Refs.
[23,24]. The cementite phase accounts for about one-ninth of the
total volume in real eutectoid pearlite specimens. The focus of this
work is on the plastic mechanisms of the ferrite-cementite interface
under cyclic loadings. We applied a 1:1 ratio cementite-ferrite inter-
face model to trace the mechanisms which saves computational cost.
The ferrite slip systems are the major factors in determining which
slip system in cementite will be activated [22]. As demonstrated in
Ref. [24], the initially activated inelastic-deformation modes in fer-
rite, which are model S1 in tension and model S2 in compression, are
the same for a near-perfect semi-coherent interface (p�1

1 = 0.25 nm�1

and p�1
2 = 0.125 nm�1) with 1:1 and 8:1, respectively, ferrite to

cementite volume ratios [24]. The only difference in models with var-
ious layer-thickness ratios is that the effective critical resolved shear
stresses of the composite change [24]. But the plastic mechanisms
remain unchanged. It suggests that the models with the near-perfect
semi-coherent interface do show the same plastic mechanisms. Vari-
ous layer-thickness-ratios only affect the activated time (or the mag-
nitude of cyclic strain) of the onset of plasticity on the interface.
2.2. Molecular statics and molecular dynamics

Periodic boundary conditions were applied in all three directions.
Molecular statics energy minimization was carried out at 0 K and
zero pressure by using the conjugate gradient algorithm, after which
MD annealing was performed. The simulated structure was assigned
a temperature of 800 K and further equilibrated thermally at 800 K
for 200 ps by using the Nos�e-Hoover [31,32] isothermal-isobaric
(NPT) ensemble [33]. Here N, P, and T denote number of atoms, pres-
sure, and temperature, respectively. After that, the system was cooled
down to 5 K within 100 ps. The sample was then further minimized
by using the conjugate gradient algorithm to obtain the fully relaxed
structure, simultaneously by a thorough relaxation of stress tensor.

To ensure the robustness of the simulation results, the interfacial
energies of three different terminating planes of cementite were calcu-
lated. The interfacial energies were calculated by introducing a vacuum
region normal to the interface in consistent with the methods in our
[25] and other [19] previous work. The interfacial energy of the system
is defined as gint ¼ Etotal�Ea�Eu

lx ly
� ga � gu , where lx and ly are the
Fig. 2. (a) Stress�strain curves for the ferrite-cementite interface under monotonic uniaxial
the stress responses under tension and compression, respectively. Open symbols and dash l
for cyclic deformation with different applied strains of 4.0%, 6.0%, and 9.0%. (For interpretati
sion of this article.)
dimensions of the interface along the x and y directions, respectively. ga
and gu are the surface energies of ferrite and cementite in the normal
dimensions, as shown in Fig. 1. Etotal, Ea, and Eu are the total energies of
the ferrite-cementite system, the bulk energy of the BCC ferrite, and the
bulk energy of the cementite crystal, respectively. The interfacial energies
for the FeC-Fe, Fe-FeC, and Fe-Fe terminating planes are calculated to be
0.88, 1.21, and 2.19 J/m2, respectively. These values are in excellent
agreement with those in Ref. [19].
2.3. Loading conditions and atomistic structural analysis

For cyclic as well as monotonic tests, periodic boundary condi-
tions are also applied along all three dimensions. Experiments have
shown that the ferrite phase in cold-drawn pearlitic steels takes the
<110> fiber texture along the drawing direction [15,34]. To mimic
the experimental conditions, the simulated structure was strained
along the ferrite ½110� direction (Lx axis in Fig. 1) at a constant strain
rate of 109 s�1, while the other two dimensions (Ly and Lz axes in
Fig. 1) were left to relax freely to maintain a stress-free condition.
The MD timestep was 2 fs, and the temperature was maintained at
5 K to minimize thermal noise. This allowed displacive mechanisms
such as dislocations to predominate over diffusive mechanisms. The
deformation was carried out under strain control.

Prior to fatigue tests, monotonic tension and compression were per-
formed to determine the tensile and compressive properties, which are
useful for establishing the strain levels to be applied under cyclic defor-
mation. Fig. 2a shows the stress-strain curves under monotonic uniaxial
tensile and compressive tests. The stress first increases to a certain peak
stress and then drops steeply to a decreased flow stress. Similar results
were observed during monotonic tensile and compressive deformation
of the ferrite-cementite interface in Refs. [23�26]. The peak stress occurs
because of the onset of plasticity. The tensile yielding stress (»23.37 GPa)
is higher than the compressive yielding stress (»19.01 GPa), which is
consistent with the results reported in Refs. [23,24]. This is due to differ-
ent slip systems being activated under tension and compression, as
shown in Supplementary Fig. S1. The {112}<111> slip system with a
Schmid factor of 0.47 is activated under tension, while the {110}<111>
slip system with a value of 0.41 is activated under compression, which
are consistent with the findings in Ref. [24]. The critical strains corre-
sponding to the compressive and tensile yielding stresses are »5.8% and
»8.8%, respectively. The simulated structure initially deforms plastically
under compressive deformation (shown in Fig. 2a) because the magni-
tude of the residual Burgers vector under compressive deformation
becomes smaller than that of the original interfacial dislocation [24].

We conducted three sophisticated conditions for symmetrical
tension-compression cyclic tests up to different maximum strains in
tension and compression at a constant strain rate of 109 s�1. Violet and olive lines are
ines indicate the applied strain levels under cyclic deformation. (b) Strain-time scheme
on of the references to color in this figure legend, the reader is referred to the web ver-
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each cycle (4.0%, 6.0%, and 9.0%). The first strain condition allows
elastic deformation in the simulated system under both tensile and
compressive cyclic deformation. The second strain condition yields
elastic deformation in tension, but plastic deformation in compres-
sion. The third strain condition produces plastic deformation in both
tension and compression. A strain-controlled triangular loading
waveform was used in this cyclic study. Fig. 2b shows the typical
strain-time scheme for the cyclic tests at each of the applied strain
levels. Note that if not otherwise specified, positive and negative
strains in this work represent tensile and compressive loading,
respectively. The sign of the stress in cyclic deformation follows the
same convention.

The OVITO software package [35] was used to visualize the differ-
ent defects in the system. Dislocations and their characteristics were
analyzed by using the dislocation extraction algorithm (DXA) tool [36].
The DXAmethod identifies all types of dislocations in common crystals
(BCC, FCC, and hexagonal close-packed), determines their Burgers vec-
tors, and outputs a line representation of the dislocation fragments.
Common neighbor analysis (CNA), which computes a fingerprint for
pairs of atoms, is also used to classify atoms in the crystallographic
structure [37]. Atomic strain in the protocol of the von Mises local
shear invariant was also calculated by using OVITO to analyze the
strain accumulation process during cyclic deformation [38,39].

3. Results

3.1. Cyclic stress response

Cyclic stress was calculated to investigate the fatigue behavior of
the ferrite-cementite interface within pearlite. The stress amplitude
was computed as sa ¼ smaxð � sminÞ=2, where smax and smin are
the maximum and minimum stress in each cycle, respectively [40].
Fig. 3 shows the stress�cycle responses and the amplitude stress�
cycle number plot at applied strains of 4.0%, 6.0%, and 9.0%. One hun-
dred cycles were sufficient for the stress response to reach a steady
state under all three strain conditions. Fig. 3a shows that smax and
smin remain unchanged under cyclic deformation at an applied strain
of 4.0%, meaning that both ferrite and cementite phases deform elas-
tically. Fig. 3b shows that smin first decreases and then stabilizes,
while smax remains unaltered at an applied strain of 6.0%. This indi-
cates that plastic deformation occurs in the compressive phase, while
elastic deformation remains in the tensile phase. Fig. 3c shows that
both smax and smin simultaneously decrease in the first few cycles
and then reach a steady stage at an applied strain of 9.0%, which sug-
gests that plastic deformation appears in both tensile and compres-
sive phases. Cyclic softening, defined as a decrease in stress
amplitude under cyclic straining [41], is observed under cyclic defor-
mation at applied strains of 6.0% and 9.0%, as shown in Fig. 3d. This is
ascribed to the transition from dislocation nucleation plasticity at the
ferrite-cementite interface to the motion of existing dislocations in
the ferrite phase.

3.2. Dislocation mechanism underlying cyclic deformation

Low-cycle fatigue involves plastic deformation which is controlled
by the formation and movement of dislocations [42]. Cementite is
brittle and hard at room temperature due to covalent bonding, and is
therefore difficult to deform plastically [43]. It is usually quite free of
dislocations and sub-boundaries [44,45]. As a result, the majority of
the dislocations exist in the ferrite phase. We therefore calculated
quantitatively the dislocation density in ferrite for the three different
cyclic loading conditions. Fig. 4a shows the dislocation density as a
function of cycle number for the first two cycles. When the applied
strain is 4.0%, the dislocation density in ferrite is zero and no disloca-
tion nucleates at the interface, indicating that the deformation in
both ferrite and cementite phases is totally elastic. Fig. 4a shows that
for an applied strain of 6.0% dislocation begins to nucleate at interface
when 3/4 cycle of the first cycle (compressive stage) is completed,
while for an applied strain of 9.0% dislocation begins to generate at
interface at 1/4 cycle of the first cycle (tension stage). These results
are in excellent agreement with the stress responses under mono-
tonic tensile and compressive deformation in Fig. 2a. Fig. 4a also
shows the variation in dislocation density during each cycle. This is
because the specific triangular shape of the straining protocol that
caused the different levels of plastic deformation. The dislocation
density at an applied strain of 9.0% is higher than that at an applied
strain of 6.0%, which suggests that more dislocations nucleate in fer-
rite at higher strain level. When the strain magnitudes are larger,
more dislocations are activated, as shown in the inset of Fig. 4a. A
rapid increase in dislocation density is observed in the first 30 cycles.
This corresponds well to the experimental trend, in which dislocation
density increases rapidly because of the initial increase in plastic
strain in pearlitic steels during ratchetting deformation [7].

We calculated the dislocation density values at four points corre-
sponding to the strain magnitudes of 0, ɛmax, 0, and ɛmin in each cycle.
Here ɛmax and ɛmin are the maximum and minimum strain values in
each cycle, respectively. Fig. 4b shows the dislocation density as a
function of cycle number over 100 cycles. The dislocation density
increases in the first 30 cycles for applied strains of 6.0% and 9.0%,
which suggests that rapid dislocation nucleation and multiplication
occurs in ferrite after cyclic deformation. The final dislocation density
fluctuates around an approximately constant value under applied
strains of 6.0% and 9.0%. Under the condition of the applied strain of
6.0%, the dislocation density appears to return to zero in the first 12
cycles, but they cannot annihilate completely at interface after 12
cycles after this number of cycles. It may suggest that there are possi-
bly two different mechanisms of dislocation annihilation during
cyclic loading. One is dislocation annihilation happens on the oppo-
site interface, while the other is dislocation on the same interface
where dislocation nucleates. However, dislocation does not annihi-
late completely during cyclic loading under the condition of the
applied strain of 9.0%. Note that the dislocation density value in the
first two cycles in Fig. 4a appears to be higher than the corresponding
value shown in Fig. 4b. This is because we only collected the disloca-
tion density data at the middle and end of each cycle, potentially miss-
ing the maximum values that usually occur at»3/4 of each cycle.

3.3. Closeup of dislocation evolution

In this section we provide the atomic-scale plastic mechanisms
underlying the cyclic deformation of the ferrite-cementite interface.
Fig. 5a shows that in the first cycle of deformation under an applied
strain of 4.0%, no dislocation appears at the ferrite-cementite inter-
face. The deformation was therefore elastic. However, when the
cyclic strain is increased to 6.0%, the dislocations nucleate at the fer-
rite-cementite interface at 3/4 of the way through the first cycle, in
the compressive stage. The dislocations are mainly of the 1/2<111>
full type. At a still larger strain magnitude of 9.0%, dislocation nucleation
begins at 1/4 of the way through the first cycle, in the tensile stage.

Fig. 6 shows snapshots of dislocations at different cycle numbers
during cyclic deformation. Figs. 6a and b show the evolution of dislo-
cations under applied strains of 6.0% and 9.0%, respectively. Fig. 6c
shows the initial configuration without dislocations in the ferrite
phase for comparison. Snapshots of dislocation evolution under
applied strain of 4.0% are excluded in Fig. 6 because no dislocation
exists at the interface. Figs. 6a and b also show that most of the dislo-
cations in ferrite are 1/2<111> dislocations. The number of disloca-
tions first increases with cycle number before decreasing and
eventually reaching a steady state. The snapshots are in accord with
the changes in dislocation density in Fig. 4b. Because of larger strain
and stress levels at an applied strain of 9.0%, some defect meshes are
more easily formed in the ferrite phase, as shown in Figs. 5c and 6b.



Fig. 3. Stress�cycle responses at different applied strain levels of (a) 4.0%, (b) 6.0%, and (c) 9.0%. Green and magenta lines represent the maximum (smax) and minimum stresses
(smin) in each cycle, respectively. (d) Stress amplitude�cycle number plot at the different applied strains. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Defect mesh, which encloses the non-dislocation defects, is a triangu-
lated mesh which represents the bad crystal regions that have not
been classified as dislocations [36]. In this work, it indicates the resid-
ual strains in the ferrite phase during cyclic deformation.

4. Discussion

4.1. Increasing and decaying peak stress mechanisms

At a low strain level of 4.0%, the ferrite-cementite interface
deforms purely elastically with constant peak stress amplitude and
no dislocation nucleates at the interface. Elastic deformation occurs
Fig. 4. Dislocation evolution under cyclic loadings. (a) Dislocation density responses in the fi

tion of dislocation density over 100 cycles. Only four values of dislocation density in each c
ɛmax, 0, and ɛmin, respectively, in each cycle. Here ɛmax and ɛmin are the maximum and minim
strains of 4.0%, 6.0%, and 9.0%, respectively. (For interpretation of the references to color in th
in both ferrite and cementite phases, which corresponds to an effec-
tively infinite fatigue life without dislocation defects. This does not
occur in practice because real-world pearlitic steels contain various
types of impurities introduced during their production and in service.
In addition, the surfaces of pearlitic steel wires are full of defects
because of high friction with the molds used in the drawing process.
These defects lead to local stress concentration that causes void for-
mation during cyclic loading.

At a strain level of 6.0%, the maximum stress (smax) remains
unchanged because smax is lower than the critical stress for disloca-
tion nucleation in the tensile stage. Therefore, no dislocation is acti-
vated during tension. The minimum stress (smin) in the compressive
rst two cycles. The inset in (a) provides the corresponding stress�cycle plot. (b) Evolu-
ycle are displayed, which correspond to the dislocation density values at strains of 0,
um strain values in each cycle, respectively. Black, red, and blue lines indicate applied
is figure legend, the reader is referred to the web version of this article.)



Fig. 5. Demonstration of dislocation nucleation in the first cycle under applied strains of (a) 4.0%, (b) 6.0%, and (c) 9.0%, respectively. Green, pink, and red lines in ferrite correspond
to 1/2<111>, <100>, and other types of dislocations, respectively. Gray planes in ferrite are defect meshes. N represents the number of cycles. Dislocations are visualized by using
the DXA algorithm after removing all perfect BCC atoms in ferrite. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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stage drops because dislocations initially nucleate at the interface for
the first few tens of cycles, after which existing dislocations start to
slip during subsequent cycles. At a high strain level of 9.0%, the stress
drops under both tension and compression. Under these conditions,
dislocations nucleate and slip during both tensile and compressive
stages. Cyclic softening (shown in Fig. 3d) is observed under cyclic
deformation at high strain levels (6.0% and 9.0%) because of the trans-
formation from dislocation nucleation to forest dislocation interac-
tions including dislocation slip, multiplication, and annihilation. The
stress requires to nucleate new dislocations at the interface is higher
than the stress driving the plastic flow. Note that our simulation con-
ditions are different from the experimental conditions in which cold-
drawn pearlitic steel wires [7] and BCC carbon steels [5] show work
hardening with increasing cycle numbers under ratchetting deforma-
tion. The difference stems from the absence of initial dislocations,
grain boundaries, and decomposed carbon atoms in ferrite in our
simulations. The dislocation nucleation stage is therefore less signifi-
cant in ratchetting deformation experiments [7].
Fig. 6. Demonstration of dislocation evolution under cyclic deformation under applied strain
ison in (c). Gray planes in ferrite are the defect meshes. N represents the number of cycles. Di
4.2. Slip transfer from ferrite to cementite

Our simulations also give indication to the final fatigue and failure
mechanism of pearlitic steels. The process of slip transmission across
the interphase boundary is critical to the mechanical properties of
pearlitic steels [46]. We calculated the atomic-scale equivalent von
Mises shear strain to investigate the plastic mechanisms in pearlite
under cyclic deformation. Fig. 7 shows the atomic strain distribution
in both ferrite and cementite phases at different cycle numbers with
applied strains of 6.0% and 9.0%. In Fig. 7a no slip transfers across the
ferrite-cementite interface at an applied strain of 6.0%. Almost all the
highly strained atoms are in the ferrite phase, which indicates that
the main activated slip systems occur in the ferrite phase, while no
slip system forms in the cementite phase. Only few highly strained
atoms are present in the cementite phase near the ferrite-cementite
interface. At an elevated strain level of 9.0%, the slip system in the
ð101Þa plane in ferrite and ð103Þu plane in cementite are activated, as
shown in Fig. 7b. A slip transfer mechanism across the interface from
levels of (a) 6.0% and (b) 9.0%, respectively. The initial structure is provided for compar-
slocation coloring and visualization scheme are the same as in Fig. 5.



Fig. 7. Transformation of slip from ferrite to cementite. Atomic shear strain distribution at different cycle numbers. Applied strain levels of (a) 6.0% and (b) 9.0%. The initial structure
is provided for comparison in (c). White horizontal dashed lines indicate the initial interface between ferrite and cementite in pearlite.

Fig. 8. Fraction of highly strained atoms with atomic shear strain larger than 0.3 as a
function of the cycle number in ferrite, cementite, and pearlite under applied strains of
6.0% and 9.0%.
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the ferrite to cementite phases is observed, as shown in Supplemen-
tary Fig. S2. The result is in agreement with the findings in Ref. [24].
The slip transfer from the ferrite to cementite is a potential fatigue
and failure mechanism in cold-drawn pearlitic steels. The slip trans-
fer across the interface from ferrite to cementite induces shear defor-
mation in cementite. As cementite is a brittle phase, this can cause
catastrophic failure in the whole sample. The prediction is in good
agreement with crystallographic analyses of slip transfer across the
ferrite-cementite interface by using the LRB criteria [47�49], as
reported by Karkina et al. [11,12]. The onset of slip transfer depends
on the magnitude of the plastic strain in pearlite during the cyclic
loading. When the plastic strain is higher than critical values, 3.6% in
tension and 2.9% in compression, slip transfers from the ferrite phase
to the cementite phase. The quantitative critical conditions for the
slip transfer are shown in Supplementary Table S1 in the Supplemen-
tary Material. Under monotonic uniaxial deformation, the sequence
of mechanical responses in pearlite is first elastic deformation in both
phases, then plastic deformation in the ferrite phase, and eventually
slip in the cementite phase [23]. The three loading conditions used in
this work therefore mimic the stages of the mechanical response
under uniaxial deformation in pearlite.

We quantitatively analyzed the changes in the highly strained
atoms in both ferrite and cementite phases to further explore the
plastic behavior under cyclic loading. Fig. 8 shows the fraction of
atoms with high shear strain, gvM > 0.3 [26], as a function of cycle
number under applied strains of 6.0% and 9.0%. The percentage of
highly strained atoms in ferrite is much greater than that in cement-
ite. This indicates that most of the slip happens only in the ferrite
phase and that the plastic deformation of the pearlite is mainly due
to the ferrite phase. At an applied strain of 6.0%, the number of highly
strained atoms in pearlite increases in the first 30 cycles and then
remains nearly unchanged with increasing cycle number. The num-
ber of highly strained atoms in cementite is close to zero during cyclic
deformation. The slight difference in the percentage of highly
strained atoms between ferrite and pearlite is attributed to atoms in
cementite near the ferrite-cementite interface undergoing high shear
deformation. At an applied strain of 9.0%, the percentage of highly
strained atoms in pearlite increases rapidly in the first 30 cycles and
then continues to increase slowly. An obvious increase in the number
of highly strained atoms in cementite is caused by the activated slip
plane ð103Þu . With increasing cycle numbers, a continuous increase
in the percentage of highly strained atoms in cementite occurs, which
may be ascribed to the fact the slip planes do not completely fill the
entire cementite phase. In other words, the number of highly strained
atoms in cementite is still less than the saturation value.
4.3. Mechanisms of dislocation nucleation and annihilation

In plastic deformation of metals, interface can act as: (i) sources of
plasticity carriers; (ii) sinks for mobile plasticity via absorption and
annihilation; (iii) barriers to glissile defect motion; and (iv) storage
sites for defects [46]. Pearlite is unique in that the interaction
between interfaces and dislocations plays an important role in its
cyclic deformation.

Since the mechanisms of dislocation annihilation are different
under 6.0% and 9.0% straining, we analyze the mechanisms of differ-
ent strain levels separately. First of all, we chose to conduct an in-
depth discussion analysis under 6.0% straining. In Figs. 9 and 10 we
show the details of processes of a prototypical dislocation nucleation
and annihilation in the first two cycles during cyclic deformation.
Only one dislocation is shown in the figures for clarity. Dislocations
were analyzed and visualized by CNA as implemented in the OVITO
software. The defect atoms in the dislocation core are colored accord-
ing to their distance from the ferrite-cementite interface. The ferrite-
cementite interface plays an important role in dislocation nucleation
and annihilation during cyclic deformation [50,51]. Dislocations
nucleate from the ferrite-cementite interface at the yielding point,
and then expand towards the opposite interface, as shown in Fig. 9.



Fig. 9. The nucleation process of a 1/2 < 111 > dislocation at the ferrite-cementite
interface in the first cycle with an applied strain of 6.0%. gray atoms represent cement-
ite. Atoms in color denote defect atoms in the ferrite phase. Dislocations are recognized
by CNA and all perfect BCC atoms have been removed for clarity.
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Once a dislocation reaches the opposite interface, it becomes a
straight screw dislocation. Similar results have been observed in the
ferrite-cementite system under tensile deformation [23,24]. When
the strain is reversed during cyclic deformation, the nucleated dislo-
cation annihilates at the ferrite-cementite interface and the interface
structures recovers, as shown in Fig. 10. Fig. 11a shows that the
nucleated dislocation can annihilate completely at interface in the
first two cycle with applied strain of 6.0%. In Fig. 11b it shows that
some dislocations, which do not connect the two interfaces, are
blocked by the residual strains in the ferrite phase after 12 cycles.
The residual strains accumulated in the ferrite phase are denoted by
the defect meshes as shown in Fig. 11, which are introduced by the
cyclic deformations. At the applied strain of 6.0%, therefore, the prev-
alent mechanism is that dislocations nucleate and then annihilate at
the same interface in the first 12 cycles. After 12 cycles, residual
strain cloud in the ferrite phase results in residual stress, which
impedes the complete annihilation of dislocations at interface.

In the case of the applied strain of 9.0%, Fig. 11c shows different
dislocation behaviors. There are two types of dislocations that are
being blocked by the residual strain patterns accumulated in the fer-
rite phase in the first two cycles. One type of the dislocations con-
nects the two interfaces, but the other type of dislocations does not
connect the two interfaces. As a result, dislocations cannot annihilate
Fig. 10. The annihilation process of a 1/2 < 111 > dislocation at the ferrite-cementite
interface in the second cycle with an applied strain of 6.0%. Atom coloring and disloca-
tion visualization scheme are the same as in Fig. 9.
completely during the subsequent cyclic loadings. Different from the
applied strain of 6.0%, the main mechanism under higher strain level
(i.e., 9.0%) is a new scenario. The residual strain cloud already appears
in ferrite even in the first two cycles. The resulted residual stress in
ferrite thus may hinder the complete annihilation of dislocations at
interface. This mechanism is similar to that happens under the
applied strain of 6.0% after 12 cycles.

As Fig. 9 shows, it takes about 6.2 ps for a dislocation embryo to
form a nucleated dislocation, which is corresponding to the strain
magnitude from e = � 5.02% to e = �5.64%. In contrast, Fig. 10 shows
that the dislocation annihilation process experiences shorter strain
interval, i.e., from the strain magnitude 0.46% to 0.52%, which means
0.6 ps in the present simulation scheme. Therefore, the dislocation
annihilation is also a thermally activated process but with smaller
activation barrier than that of a dislocation nucleation process [52].
Note that the low temperature and high strain rate (high stress) con-
ditions applied in the present simulations of cyclic deformation will
boost the displacive mechanisms, such as dislocation nucleation and
annihilation processes at the interface. However, this option will defi-
nitely suppress the diffusive mechanisms, e.g. the dissociation and
migration of carbon atoms from cementite to ferrite, which may miss
the subsequent mechanism of carbon-dislocation interaction [7].
If the temperature is higher, like the condition at room temperature,
the thermally-activated dislocation nucleation process will be
encouraged, while the dislocation annihilation process which is of
smaller activation barrier is quicker, and it follows the pace of dislo-
cation nucleation. Therefore, it is anticipated that the steady-state
cyclic deformation with constant dislocation density become earlier
with increasing temperature.

4.4. Rationalization of the fatigue mechanism of pearlite

The deformation mechanism of pearlite under cyclic deformation
is ascribed to the synergistic effects between the ferrite and the
cementite phases. The plasticity of pearlite is largely governed by the
mechanisms operating in the ferrite phase during cyclic deformation
(shown in Fig. 8). At a low strain level (4.0%), elastic deformation
occurs in pearlite and no dislocation generates at the interface within
the number of deformation cycles studied. At an intermediate strain
level (6.0%), however, plastic deformation of pearlite begins to thanks
to the dislocation behaviors operating only in the ferrite phase. At a
higher strain level (9.0%), high stress drives plastic and inelastic
mechanisms in ferrite and cementite, respectively, and eventually
dislocation slip transfers across the interface from the ferrite to
cementite phases.

The underlying mechanisms of the nanoscale ferrite-cementite
lamellae under cyclic deformation are related to the interplay
between the ferrite-cementite interface and the interfacial disloca-
tion. The interface plays multiple roles, serving as a source for nucle-
ation, absorption, and annihilation of dislocations. The plastic
mechanisms of dislocation nucleation and annihilation are both
observed in our simulations of the cyclic plastic deformation of pearl-
ite (shown in Figs. 9�11). After onset of plasticity, dislocations nucle-
ate at the ferrite-cementite interface and spread through the whole
ferrite phase (shown in Fig. 9). The nucleated dislocations expand
until they reach the opposite side of the interface. The lattice struc-
tures are different on the two sides of the ferrite-cementite interface,
i.e., ferrite is a BCC crystal while cementite is an orthorhombic crystal.
Compared with the dislocations existing in ferrite, the dislocation
density in cementite is lower because it is difficult to deform plasti-
cally due to the nature of covalent bonding [44,53]. The unique inter-
face structure prevents dislocations in ferrite from passing across the
interface, and some of them are absorbed at the ferrite-cementite
interface. Nucleated dislocations become straight screw-type disloca-
tions in ferrite once they reach the interface again. At applied strain
of 6.0%, when the sign of the applied strain is reversed due to cyclic



Fig. 11. Demonstration of the process of dislocation evolution at different cycle numbers under the applied strain levels of (a, b) 6.0% and (c) 9.0%, respectively. Gray planes in ferrite
are the defect meshes. Black solid arrows point to the dislocations which do not connect the two interfaces, are blocked by residual strain in the ferrite phase that is introduced by
the cyclic deformation. Black open arrows point to the dislocations which connect the two interfaces, are also blocked by the residual strain. Dislocation coloring and visualization
scheme are the same as in Fig. 5.
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loading, the dislocations annihilate completely at the ferrite-cement-
ite interface in the first 12 cycles (shown in Figs. 10 and 11a). With an
increase in cycle number, residual stress in ferrite blocks dislocations
and impede their complete annihilation at interface. As applied strain
increases (9.0%), dislocations do not annihilate fully from the begin-
ning to the steady state during cyclic loading.

There is a competitive relationship between dislocation nucle-
ation and annihilation during cyclic deformation. This explains the
appearance of steady-state flow after several tens of cycles. At high
strain levels (6.0% and 9.0%), the dislocation density in ferrite
increases rapidly in the first few cycles (shown in Fig. 4b). This indi-
cates a rapid accumulation of dislocations in ferrite after cyclic plastic
deformation because the dislocation nucleation rate is greater than
the rate of dislocation annihilation. More dislocation nucleation is
activated from the interface because of the high stress level in the
first few cycles, as shown in Fig. 3. With the number of cycles
increases, the peak stress decreases and therefore dislocation nucle-
ation rate decreases. However, the rate of dislocation annihilation is a
quicker process with activation barrier smaller than that of disloca-
tion nucleation. The rate of dislocation annihilation increases with
increasing cycle numbers, since there will more nucleated disloca-
tions pile up at the opposite interface as sources of dislocation annihi-
lation. Therefore, it leads to a decrease in dislocation density in the
ferrite phase. When the rate of dislocation nucleation is close to that
of dislocation annihilation, a steady state forms with constant disloca-
tion density and peak stress magnitudes, as shown in Figs. 4b and 3,
respectively. In addition, a straightforward quantitative examination
of the rates of dislocation nucleation and annihilation during cyclic
loading, respectively, deserves furthermore study in the future work.

The three most prominent slip planes in the cementite phase are
(001), (010), and (100) at room temperature [45,54,55]. However, the
geometry of the interface makes ductility impossible because the
three possible slip directions [001], [010], and [100] are mutually per-
pendicular [44]. Covalent bonding in cementite makes it brittle and
hard at room temperature [43]. After the onset of plasticity, nucleated
dislocations at the interface slip until they reach the opposite side of
the interface, where they are absorbed into the cementite phase.
Once the magnitude of plastic strain in pearlite is higher than critical
values, 3.6% in tension and 2.9% in compression, slip will transfer
from ferrite to cementite to accommodate strains accumulated in the
cyclic deformation. The dislocations absorbed on the interface may
then induce a local shear deformation in the cementite phase [26].
This was also seen in our simulations, as shown in Fig. 7. Since the
cementite is brittle, the cumulative shear deformation in cementite
(shown in Fig. 8) perhaps lead to the nucleus of short cracks at the
interface with increasing cyclic deformation, causing a fatigue failure.
A crack will propagate suddenly upon reaching a critical size, and the
structure will fracture catastrophically, resulting in material failure
[2,42,56]. In actual application, the number of dislocation has been
found to initially increase and then saturate during fatigue in pearlitic
steels [7], polycrystalline carbon steels [5], and stainless steels
[57�59]. Our simulations give an atomic-scale view of dislocation
nucleation and annihilation during cyclic deformation.

5. Conclusion

The atomistic simulations in this work characterize the mechani-
cal response and the corresponding dislocation mechanism of the fer-
rite-cementite interface with Bagaryatskii OR in pearlite under cyclic
deformation. Three different strain levels (4.0%, 6.0%, and 9.0%) were
chosen to mimic the mechanical response of pearlite under fatigue
deformation. At the lowest strain level (4.0%), the ferrite-cementite
interface deforms elastically with constant peak stress amplitude
during cyclic deformation. As the strain level increases (6.0%), the
maximum stress remains unchanged because of elastic tension, while
the minimum stress drops because of strain softening. At a still higher
strain level (9.0%), the maximum and minimum stresses drop
because dislocations nucleate at the interface during both compres-
sive and tensile stages. When the applied strain level is 6.0%, the plas-
ticity in pearlite occurs almost completely in ferrite. At a high strain
level of 9.0%, most of the highly strained atoms in pearlite are in the
ferrite phase, but a few atoms in cementite have high shear strains
(atomic strains greater than 0.3), and slip transfer occurs across the
interface from the ferrite phase to the cementite phase once the mag-
nitude of plastic strain in pearlite is higher than critical values.

The micro-mechanism underlying cyclic plastic deformation (at
strain levels of 6.0% and 9.0%) in pearlite is governed by the interplay
between the interface and the dislocations. Interfaces play multiple
roles in deformation, providing sites for the nucleation, absorption,
and annihilation of dislocations. A competitive relationship between
dislocation nucleation and dislocation annihilation exists during
cyclic plastic deformation. Dislocation density in ferrite increases rap-
idly in the first 30 cycles, which indicates rapid dislocation accumula-
tion. As the number of cycles increases, dislocation density in ferrite
decreases because the rate of dislocation annihilation increases,
while the rate of dislocation nucleation decreases. When the disloca-
tion nucleation rate is equal to that of dislocation annihilation, the
dislocation density in ferrite remains stable and steady-state flow
occurs. However, an important implication of our simulations is that
plasticity transfer from ferrite to cementite can occur when disloca-
tions cross the interface. This is dangerous for pearlite because the
plasticity accumulation in brittle cementite phase will result in
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catastrophic material failure under cyclic deformation. Our simula-
tions thus reveal a possible failure mechanism of pearlite steel under
real fatigue deformation.
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