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The microscopic mechanisms that accommodate uniaxial ratchetting in cold-drawn pearlitic
steel wires were explored. A two-stage evolution of ratchetting strain as a function of cycle
numbers was observed. The initial sudden increase of plastic strain leads to a rapid
decomposition of cementite, followed by a constant ratchetting strain rate with critical role
of decomposed carbon atoms played in blocking dislocation motion. The dislocation
configuration transforms from low-density lines and tangles to high-density cells and sub-grains
with increasing strain. A possible mechanism of cementite decomposition is discussed in terms
of carbon-dislocation interactions and an unfavorable cementite surface-to-volume ratio.
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I. INTRODUCTION

COLD-DRAWN pearlitic steel wires that consist of
alternating lamellae of body-centered cubic (BCC)
ferrite and orthorhombic cementite are used widely as
engineering structures, such as arrester wires of aircraft
carriers, suspension bridge cables, and tire cords owing
to their excellent combination of high strength and
reasonable ductility.[1] Mechanical properties of cold-
drawn pearlitic steel wires are controlled mainly by
precipitations of cementite in ferrite phase, although the
hard cementite phase accounts for only approximately
one-ninth of the total volume in pearlite. Hence, the
formation and evolution of cementite have been studied
extensively over the past decades.[2–35] The deformation
and slip planes of cementite in pearlitic steels have been
investigated.[2–6] Many studies have reported that
cementite undergoes dissolution during cold draw-
ing.[7–17] The partial amorphization of cementite in
heavily drawn eutectoid steels was found.[18–20] Some
studies indicated that cementite should be considered as
an interstitial phase Fe3C1�x,

[21,22] although cementite is
commonly regarded as a stoichiometric compound

Fe3C. Recently, atom probe field ion microscopy
(APFIM),[23–25] three-dimensional atom probe
(3DAP)[24,26–29] and Mössbauer spectroscopy[30–34] stud-
ies have reported that cementite dissolves during
cold-drawn deformation at room temperature. Two
main mechanisms of cementite dissolution have been
proposed. The first mechanism is attributed to the
interaction between dislocations and carbon atoms,
since the binding enthalpy between the carbon atoms
and the dislocations in ferrite is higher than that
between carbon and iron atoms in cementite.[7,35] The
second mechanism is ascribed to the destabilization of
cementite because of an increase in free energy.[8,10]

Ratchetting,[36–38] which is a cyclic accumulation of
inelastic deformation that is generated from an asym-
metric stress-controlled cyclic loading, can reduce the
fatigue life of engineering structures.[39] Some compo-
nents made from pearlitic steels, such as steel wire ropes
in mine hoists and tower cranes, inevitably undergo
ratchetting during cyclic starting and braking. It is
critical to investigate the ratchetting behavior of
pearlitic steels for safety assessments and life estimation.
During the past 30 years, most phenomenological
theoretical constitutive models[38,40] which were based
on the Armstrong–Frederick model[41] have been con-
structed from macroscopic experimental results without
considering microscopic physical information. Recently,
multi-mechanism models that were reviewed by Saı̈
et al.[42] which merged the physical nature of the cyclic
deformation into the constitutive models, provide a new
way to predict ratchetting deformation more accurately.
To improve the capacity to predict the ratchetting
behavior, more micro-mechanisms should be included in
the multi-mechanism models with fewer empirical vari-
ables and parameters.
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For the microscopic mechanism of ratchetting, con-
siderable attention has been given to dislocation pat-
terns and their evolution in stainless steels.[39,43–48]

Research on the microstructure of ratchetting has
focused mainly on face-centered cubic crystal structures.
Recently, the dislocation patterns and their evolution of
polycrystalline 20 ordinary carbon steels (BCC) have
been characterized during uniaxial ratchetting deforma-
tion.[49] However, the mechanisms that underlie ratch-
etting, and that are associated with dislocation evolution
and cementite decomposition in cold-drawn pearlitic
steel wires have not been involved in multi-mechanism
models.

The purpose of this work was to elucidate the effect of
cementite decomposition and dislocation evolution on
ratchetting in cold-drawn pearlitic steel wires at room
temperature. Possible mechanisms of cementite decom-
position and its effect on dislocation motion during
ratchetting deformation are discussed.

II. EXPERIMENTAL PROCEDURE

Cold-drawn pearlitic steel wires were studied, and
their chemical composition is shown in Table I. Steel
rods were quenched in a salt bath at ~ 550 �C after
being austenized fully at 900 �C, and having completed
isothermal pearlitic transformation. Patented wires of
2.90 mm diameter were drawn to a diameter of 0.90 mm
with a true strain of e ¼ 2 ln d0=dð Þ ¼ 2:34, where d0 and
d are the initial and final wire diameters, respectively.[50]

To avoid distinct rise of temperature during deforma-
tion, the wires were wet-drawn in a liquid lubricant
vessel. The total area reduction was ~ 90.4 pct. Speci-
mens with a gauge length of 120 mm and a gauge
diameter of 0.9 mm were machined according to the
Chinese National Standard GB/T228.1-2010.

Before performing the ratchetting tests, monotonic
tension tests were carried out to obtain the tensile
properties, which are useful to determine the loading
stress level. The specimen was tested under strain-con-
trolled monotonic tension with an applied strain rate of
4 9 10�4 s�1. Figure 1 shows the engineering stress–
strain curve, and the tensile properties are shown in
Table II. No yielding plateau exists, as shown in
Figure 1. The tests were repeated at least three times.

Uniaxial stress-controlled cyclic tests were conducted
at the same stress level (1100 ± 750 MPa, i.e., a mean
stress of 1100 MPa and a stress amplitude of 750 MPa)
with a frequency of 1 Hz at room temperature on an
MTS 810-100 kN servo-hydraulic testing machine. At
least three samples were measured for each condition to
assess the reproducibility of the results. Ratchetting
strain is defined as: er ¼ emax þ eminð Þ=2, where emax and
emin are the maximum and minimum axial normal strain

in each cycle, respectively. The ratchetting strain rate is
defined as the increment of ratchetting strain er in each
cycle and is denoted der=dN, where N is the number of
cycles.
The microstructures were investigated by scanning

electron microscopy (SEM) by using TESCAN LYRA3
FEG-SEM/FIB and by transmission electron micro-
scopy (TEM) by using a JEOL JEM-2100F instrument
operated at 200 kV. The specimens for analysis were cut
from the center of the wires in the direction of the
longitudinal axis.
Mössbauer analysis was performed at room temper-

ature by using a Wissel constant acceleration Mössbauer
spectrum device (Germany) with a 57Co(Pd) source.
Three samples were measured for each number of cycles.

III. RESULTS

A. Ratchetting Behavior

Figures 2(a) and (b) show the stress–strain response
and ratchetting strain–cycle curve, respectively. It is
observed from Figure 2(b) that a two-stage evolution
exists. One stage is a decreased ratchetting strain rate
with loading cycles in stage I, and the other is a nearly
constant ratchetting strain rate in stage II. The initial
ratchetting strain in the first cycle reaches approximately
1.44 pct. The ratchetting strain increases from 1.44 to
1.88 pct during cyclic loading deformation. An increase
of only 31 pct in ratchetting strain occurs, which is
relatively small. Moreover, the cyclic responses are

Fig. 1—Typical engineering uniaxial tensile stress–strain curve for
investigated steel wire.

Table I. Chemical Composition of Pearlitic Steel Wire (in Weight Percent)

C P Si S Cr Cu Mn Ni Fe

0.72 0.024 0.24 0.008 0.021 0.051 0.51 0.012 balanced
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almost repeatable for samples with different prescribed
numbers of cycles, as shown in Figure 2(b).

B. Pearlite Interlamellar Spacing

Figures 3(a) and (b) show the microstructures of the
initial transverse section and the pearlite interlamellar
spacing as a function of cycles, respectively. Figure 3(a)
shows the large variationof the initial lamellar orientation
in cold-drawn pearlitic steel wires. To characterize the
evolution of this lamellar structure, the interlamellar
spacing (ILS) is defined as the perpendicular distance
across two consecutive lamellae of ferrite and cemen-
tite.[51] A circular line method,[52] which is effective for a
randomly distributed lamellar structure, was used to

measure the average ILS, which is computed as:
d = 0.5L/n, where L is the length of the circle and n is
the number of intersections between the circular line and
the lamellae. The initial average ILS is ~ 59 nm.
Figure 3(b) shows the ILS was reduced by ~ 12 pct up
to 5000 cycles. However, for geometrical reasons, an
elongation of 2.0 pct only resulted in a transverse section
contraction ratio of ~ 1.0 pct, which is one order of
magnitude lower than the above changes in ILS. The
question arises: why does the observed small strain
respond to larger changes in ILS? Different from an
almost perfect lamellar structure inHu et al.[52] the partial
initial lamellar structure has been broken in our materials
(shown in Figure 3(c)). Figure 3(d) shows themicrostruc-
tures of the transverse section after 5000 cycles. The twist
and extrusion deformation of the broken lamellar struc-
ture during cyclic loading deformation may cause topo-
logical changes that lead to an increase in the number of
intersections n (shown in Figure 3(e)), which results in a
rapid decrease in the ILS in subsequent cyclic loading.
Additionally, the experimental results of the ILS exhibit a
large dispersion (shown in Figure 3(b)).
It is concluded from Figure 3(b) that the ILS shows a

remarkable decrease in the initial number of cycles,
which suggests an increase in unfavorable sur-
face-to-volume ratio of cementite. Then the ILS remains
nearly unchanged during the later cyclic loading.

C. Dislocation Structures

Figure 4 shows the dislocation features at different
stages of ratchetting deformation for the prescribed
number of cycles. It is concluded that dislocation
structures transform from dislocation patterns with a
low dislocation density, such as dislocation lines and
tangles, to those with a high dislocation density, such as
dislocation cells and sub-grains. Figure 4(a) shows that
the initial dislocation pattern consists of parallel dis-
tributed dislocation lines. The dislocation tangles are
formed after 500 cycles (shown in Figure 4(b)) where the
initially parallel dislocation structure is no longer
maintained, which suggests that new dislocations nucle-
ate from the ferrite-cementite interface. With an increase
in cyclic numbers, dislocation cells are formed (shown in
Figure 4(c)), as was obtained by Li et al.[53] After 5000
cycles, sub-grains form by dislocation rearrangement in
the dislocation cells since cross-slip in the BCC crystals
is easily achieved (shown in Figure 4(d)), suggesting no
apparent increase in dislocation density at stage II.

D. Cementite Decomposition

Figure 5 shows the Mössbauer spectrum of the steel
at a different number of cycles. Figure 6 shows the
fraction of cementite with cyclic numbers. Mössbauer

Fig. 2—(a) Cyclic stress–strain curve, and (b) variation of ratchetting
strain as a function of cycles.

Table II. Tensile Properties of Pearlitic Steel Wire

Yield Stress (r0.2, MPa) Ultimate Tensile Stress (MPa) Total Elongation (Pct) Young’s Modulus (GPa)

1514 ± 11 1913 ± 32 2.11 ± 0.17 186 ± 2
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spectra of the complicated solid solution trend to derive
from the superposition of several six-line patterns, each
of which corresponds to different impurity neighbor-
hoods.[33] Therefore, the Mössbauer spectrum of eutec-
toid pearlite consists of three sextets, i.e., a sextet of
a-Fe, a sextet of a small quantity of impurities and a
sextet of the cementite phase. Since the existence of
different impurity configuration determines the relative
amplitudes of these sextets,[54] the area fractions of the
subspectra can be evaluated by calculating the fractions
of Fe atoms that are affected by the concerned impu-
rities.[33] A comparison of changes in the area fractions
of the Mössbauer spectrum of cementite at each
condition in Figure 6 shows that the cementite under-
goes partial decomposition. One interesting feature to
note is that the fraction of cementite decreases rapidly
and then fluctuates at a certain value. However,
Figure 6 shows that the rapid decrease in cementite
fraction occurs in the first 150 cycles. Heavy plastic
deformation of cementite induces cementite dissolution,
which is very pronounced in heavy cold drawing.[24,32]

Hence, cementite decomposition is ascribed mainly to
heavy plastic deformation at the beginning of cyclic
loading.

IV. DISCUSSION

Now, two interesting questions naturally arise: how
do dislocation evolution and carbon atoms from the
decomposed cementite affect ratchetting in pearlitic
steel? And what is the mechanism for cementite decom-
position. These two questions will be discussed in detail
as follows.
Dislocation-based plasticity is a dominating mecha-

nism in ratchetting strain accumulation, whereas the
effect of the carbon-pinning mechanism is not negligible.
Steel wire material directly undergoes heavy plastic
deformation after yielding, and is accompanied by
cementite decomposition as well as a decrease in ILS.
Many researchers have found that lattice dislocations
could nucleate from the interface.[55–57] Guziewski

Fig. 3—(a) SEM images of initial transverse section. (b) Pearlite interlamellar spacing as a function of cyclic numbers. (c) Partial broken
cementite lamellae of initial transverse section. (d) SEM image of transverse section after 5000 cycles. (e) Schematic diagram illustrating
evolution of pearlitic lamellar structure and increase in number of intersections between the circle and the pearlitic lamellae. Pink circles in (a)
indicate positions for measuring the interlamellar spacing by using a circular line method. The solid rectangles in (c) denote the broken cementite
lamellae. The dotted rectangles in (d) correspond to the twisted cementite lamellae. The black lines and the red circles in (e) represent the
pearlitic lamellae and the measuring position, respectively.
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et al.[58] predicted recently that dislocation loops nucle-
ate from the ferrite-cementite interface because of the
mismatch in lattice upon yielding. Dislocation tangles
(shown in Figure 4(b)) form with a relatively high
dislocation density, which occurs because newly nucle-
ated dislocations from the ferrite-cementite interface
intersect with previously existing dislocations and the
originally parallel dislocation relationship (shown in
Figure 4(a)) is broken. With an increase in the number
of cycles, dislocation cells are observed. With a further
increase in the cyclic numbers, sub-grains form by
dislocation rearrangement in dislocation cells since
dislocation cross-slip occurs easily in BCC crystals.

A competitive relationship exists between the dislo-
cation multiplication and carbon-pinning mechanisms.
In stage I of the ratchetting deformation, the quick
multiplication of dislocation causes carbon-pinning
mechanism effect to be ignored, which leads to the
rapid increase in ratchetting strain. In stage II, sub-
grains are formed by dislocation rearrangement in the
dislocation cells because the cross-slip of dislocations
occurs easily in BCC crystals, which causes an

approximately constant ratchetting strain rate due to
no obvious increase in dislocation density. The car-
bon-pinning mechanism should be considered because
no apparent dislocation multiplication takes place.
Carbon atoms that are dissolved from cementite enter
adjacent ferrite layers, pin dislocations and limit their
movements, which results in a lower ratchetting strain
rate that is nearly close to zero.
Theoretically, the simplest process for cementite

dissolution can be represented schematically by the
Fe3C fi 3Fe + Csol–sol-type reaction.[26] However,
some researchers have reported some different values
that deviate from the strict Fe3C composition,[22,59–62]

which suggests that cementite should be considered as
an interstitial phase, Fe3C1�x. Therefore, the process for
cementite dissolution can be expressed more reasonably
as: Fe3C fi Fe3C1�x + Csol–sol. Due to the special
lamellar structure of cold-drawn pearlitic steel wires,
the effect of the surface-to-volume ratio of cementite
should be considered. The Gibbs–Thomson equation
assumes that the interfacial tension between ferrite and
cementite can be estimated by: Sfer/cemR = Pcem – Pfer.

Fig. 4—TEM images of specimens at different cyclic numbers. (a) Dislocation lines at N = 0. Reproduced with permission from Ref. [50]. (b)
Dislocation lines and tangles at N = 500. (c) Dislocation cells at N = 3000. (d) Sub-grain at N = 5000. Green and red arrows point to
dislocation lines and dislocation cell boundaries in the ferrite layers, respectively. The white arrow points to a sub-grain.
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Here R denotes the curvature of the interface, and Pcem

and Pfer correspond to the pressures in cementite and
ferrite, respectively. Thus, the heavy plastic strain
induces a larger interfacial tension since the stiffness of
the cementite is higher than that of the ferrite and two
phases exist in the same strain state (Voigt limit[63]). ILS
is inversely proportional to the axial strain. The

increased surface-to-volume ratio because of the
decreasing thickness of the ILS destabilizes the cemen-
tite and leads to its dissolution. The dissolution reduces
the interfacial tension because the introduction of
interstitial carbon atoms does not alter the stiffness of
the ferrite significantly, but softens that of cementite.[64]

Therefore, nearly no cementite decomposition is attrib-
uted to the fact that the lamellar spacing does not
change.
Some researchers attribute the micro-mechanism of

cementite decomposition to the role of disloca-
tions[28,53,65] since the binding of carbon to dislocations
is higher than that of carbon in cementite,[1] although
the pipe diffusion mechanism or drag mechanism is
unclear. An atomistic simulation supports the disloca-
tion drag mechanism by which mobile dislocations can
collect and drag carbon within their cores from the
cementite into adjacent ferrite.[66] The dislocation drag
mechanism may prevail in our opinion. Dislocations
that are pinned at the ferrite-cementite interface enhance
the instability of cementite lamellae by making it
polycrystalline or amorphous.[65] The carbon atoms in
cementite layers can be collected and dragged out by the
dislocation. Therefore, the cementite decomposes
rapidly at the beginning of the cyclic loading owing to
the rapid nucleation and migration of dislocations from
the ferrite-cementite interface. However, carbon atoms
from decomposed cementite pin up dislocations and

Fig. 5—Mössbauer spectra of steel samples at different number of cycles. (a) N = 0, (b) N = 150, (c) N = 1500, (d) N = 3000, (e) N = 5000.

Fig. 6—Variation of cementite fraction as a function of cycle
numbers.
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hinder the movement of dislocations, which inhibits
further cementite decomposition.

V. CONCLUSIONS

In summary, cementite decomposition occurs at the
beginning of the cyclic loading in cold-drawn pearlitic
steel wires. The initial rapid increase in ratchetting strain
is believed to stem from dislocation multiplication due
to heavy plastic deformation. At a later stage, a nearly
constant ratchetting strain rate is established with
combined roles of dislocation multiplication and
blocked dislocation motion by decomposed carbon
atoms in ferrite. Higher dislocation density patterns
are formed as dislocation cells and sub-grains. Cemen-
tite decomposition may depend on the unfavorable
surface-to-volume ratio of cementite and the dislocation
drag mechanism.
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