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Abstract

TE
D

In this paper, the mechanical properties of a cold-drawn wire ( ε = 2.43 ) are
modulated by simple annealing and the variation of its microstructure is characterized
by transmission electron microscopy (TEM), X-ray diffraction (XRD) and molecular

EP

dynamics (MD) simulation. The tensile ductility of the wire can be improved for

AC
C

about three times without compromising its strength when being annealed at 325℃
for 10-30 min. It is convinced that solid solution of carbon atoms from decomposed
cementite lamellae improve the wire strength at low temperature annealing (up to
250℃) and make the wire strength basically equal the as-drawn state even though
cementite lamellae are weakened by cementite recrystallization at 325 ℃ . And
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reversely the weakening cementite layers lead to the great improvement of wire
ductility at this time since it relaxes the restriction to the moving of dislocations. At
higher annealing temperature, the wire strength decreases with the growth of

RI
PT

cementite and ferrite grains. The appearance of nano-recrystallized cementite grains at
a medium annealing temperature may be a critical factor governing the enhanced wire

SC

mechanical properties.

M
AN
U

Keywords: Pearlitic steel wire; carbon state; annealing; strength and ductility;
atomistic simulations

1. Introduction

TE
D

Cold-drawn pearlitic steel wires are widely used as engineering structures such as
wire ropes, suspension bridges, springs and automobile tire cords due to their
combination of ultrahigh strength and applicable ductility. During the past decades,

EP

wires have become the strongest bulk steel products with a strength even up to about

AC
C

7 GPa [1]. Usually the steel wires are drawn from the hot roll bars, which undergo
isothermal transformation of austenite at temperatures of 480-550°С (i.e. patenting) [2,
3]. The steel structure in this case is a fine lamellar pearlite with interlamellar spacing
below 100 nm. Then the wires experience a cold-drawn process with severe plastic
deformation (SPD) and get their high strength gradually. Great efforts have been made
to understand the microstructural evolution and its effect on strength upon cold
drawing [4]. Meanwhile in many engineering applications, such as suspension bridges
2 / 42
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and power cables, wires are subjected to hot-dip galvanization or blueing to improve
their anti-corrosion property [5, 6], so the thermal stability of cold-drawn wires as
well as their microstructural mechanisms associated with heat treatment are also

RI
PT

widely concerned by researchers.
Generally speaking, one would like to acquire not only strong but also ductile
steel wires, since ductility is very important to prevent abrupt failure of wire material

SC

under service conditions. However, during the cold-drawn process, wire strength is

M
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improved while ductility usually decreases concomitantly. With increasing drawing
strain, wire radius and the interlamellar spacing of pearlitic plates decrease, so wire
strength increases with the smaller interlamellar spacing (obeying the Hall–Petch
relation [7]). But wire ductility drops due to the stronger restraint to dislocations from

TE
D

cementite layers. Some exceptions only happen to wires with a high drawing strain
(bigger than 4) [1, 8, 9]. The reason may be on the one hand, the thickness of
cementite lamella at this stage can below 1 nm [8] and thin cementite shows a certain

EP

extent of ductility due to size effect [10]. On the other hand, atom probe tomography

AC
C

(APT) results show that the cementite lamellae begin to extensively decompose into
pieces under severe plastic deformation (SPD) [1], which may release certain
constraint to dislocations and contribute to the ductility of wires. However, the
diameter of wires with high drawing strain can be very thin (even below 0.1 mm in [1,
8]), leading to severe limitations for the broad engineering applications.
Heat treatment is another effective method to control wire mechanical property
and microstructure. Wire strength has been found to be slightly improved at the low
3 / 42
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annealing temperature [6, 11, 12] with the reduction of its ductility [6]. Then the wire
strength decreases and the wire ductility is enhanced continuously within higher
temperatures, or worse, the wire with an as-drawn strength of 6.35 GPa get a

RI
PT

deteriorated ductility with increasing temperature above 350℃ [13]. Under low
temperature annealing, the wires experience statics train aging and recovery of
microstructure, while recrystallization and grain growth of cementite and ferrite

SC

appear at higher temperatures [12]. However, the change of microstructure in the

M
AN
U

low-temperature annealed wires can hardly be observed through TEM [5, 13, 14],
even though the strength (especially the yield strength) may have varied apparently. It
indicates that more delicate variation has happened in the wire material. Through
positron annihilation spectroscopy (PAS), researchers found that at low temperatures

TE
D

up to about 523 K, annihilation of carbon-vacancy complexes (single or perhaps
di-vacancies) is probable and carbon might diffuse to grain boundaries, interphase
boundaries or dislocations [15, 16]. An interesting APT result exhibits a complete

EP

dissolution of cementite with a uniform distribution of carbon over the whole sample

AC
C

is generated after annealing at 423 K, which indicates the decomposition of cementite
during low temperature annealing.
It seems that improving the strength and ductility of wires simultaneously is

improbable to achieve. Nevertheless, it is find that the tensile strength and ductility of
a moderate drawn wire ( ε = 2 ) was found to be both improved slightly under low
temperature annealing [17, 18]. The strength increase is believed to result from
cementite nano-grains decoration of the ferrite dislocations and the enhanced ductility
4 / 42
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may originate from defect recovery when the microstructure of steel wires remains to
be lamellar. However, possible conditions to achieve a strength-ductility balance are
not given in detail explicitely, since their attention were paid to other important topics,

RI
PT

like the crystallization of cementite [17] and torsion property of pearlitic wires [18].
To the author’s view, the strengthening and plasticity mechanism of cold-drawn
pearlitic wires under the annealing process have not yet been totally understood so far.

SC

In recent years, atomistic simulations are employed to help explain the
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microstructural evolution and mechanical mechanism of the pearlitic wires. With
molecular statics (MS), binding energy between a carbon atom and screw or edge
dislocations in bcc iron is calculated at the atomic scale. The results show a
quantitative agreement with elasticity theory, as long as anisotropic elastic

TE
D

calculations are performed and both the dilatation and the tetragonal distortion
induced by the carbon interstitial are considered [19]. A multiscale simulation
approach based on atomistic calculations and a discrete diffusion model is developed

EP

to explain the mechanism of cementite composition during wire drawing [20]. Results

AC
C

favor the so-called drag mechanism, by which a mobile screw dislocation is able to
transport carbon atoms along its glide plane, and show a good agreement with C
concentration data in ferrite form APT observation [21]. MD simulations are also
carried out to investigated the misfit dislocations at ferrite/cementite interfaces and for
various orientation relationships (ORs) and the most probable ORs in pearlitic steel is
given [22]. By means of aberration-corrected TEM imaging and density functional
theory (DFT), it is found that the interface with terminating layer Fe–C–Fe in
5 / 42
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cementite has the lowest energy due to the formation of interfacial Fe–C bonds [23].
In this paper, different microstructure and mechanical properties of cold-drawn
wires are obtained by annealing at temperatures between 175 and 475 ℃. The TEM

RI
PT

and XRD techniques are taken to characterize the evolution of microstructure in wire
material. MD simulations are conducted to elucidate the interaction between carbons
and dislocations, and the plastic mechanism of the annealed pearlitic wire. Then the

SC

strengthening and plasticity mechanism with relation to the transformation of carbon

M
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state are analyzed via consistent views from both experimental characterization and
atomic-scale observation from MD. Finally, the probable annealing condition to
improve both the wire strength and ductility is discussed.

TE
D

2. Methodology
2.1 Experimental procedures

The studied material is from drawn pearlitic steel wires with a near-eutectoid

EP

content of Fe-0.72C-0.51Mn-0.24Si wt.%. Steel rods were quenched in salt bath at

AC
C

about 550℃ after being fully austenized at 900℃, and completed isothermal pearlitic
transformation. Then the patented wires were drawn from a diameter of 2.90 mm to
0.90 mm. The reduction corresponds to a true drawing strain of 2.34 when applying
the equation:

ε = 2 ln ( d 0 / d )
(1)
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where d0 is the initial wire diameter and d is that of the drawn wire. The drawing
process is carefully controled and the wires were wet-lubricant to avoid distinct
temperature rise during deformation.

RI
PT

Post-drawing annealing was conducted at an interval of 75℃ increments from
175℃ to 475℃. The wires were put in glass tubes with vacuum to avoid surface
oxidation and followed by air cooling to room temperature. The tensile tests were

M
AN
U

testing machine with a loading rate of 2 mm/min.

SC

performed on wires of all annealing levels on an MTS 810-100 kN servo-hydraulic

Fracture surfaces of tensioned wires were examined by a scanning electron
microscope (SEM, JEOL, JSM-7100F). Internal microstructures were studied by
TEM using a JEOL JEM-2100F instrument operated at 200 kV. Thin films for TEM

TE
D

observation were cut from the center of the wires along the longitudinal direction,
which were first mechanically ground to ~50 mm thickness and then thinned by a
twin-jet polishing method in a solution of 5% perchloric acid in ethyl alcohol with a

EP

voltage of 40V at 20℃.

AC
C

The phases of the samples were examined by XRD in a Rigaku SmartLab 9
diffractometer using Cu Kα radiation. The analysis of the dislocation density of the
pearlitic steel wires was based on the modified Williamson-Hall method, in which an
increase in line broadening with increasing diffraction order is explained as strain
anisotropy caused by dislocations. The modified Williamson–Hall equation is
expressed as follows:

∆K = 1/ D + π B 2b 2 ⋅ ρ ( KC1/ 2 ) + Ο

(( KC ) )
1/ 2 2

7 / 42
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(2)
where K=2sin(θ/2)/λ and ∆K=∆θ·cos(θ/2)/λ. In Eq. (2), θ and ∆θ are diffraction angle
and the full width at half maximum (FWHM) for every diffraction peak respectively;

RI
PT

ρ and b are the dislocation density and the Burgers vector, respectively; D is the
average grain size, B is a parameter depending on the outer cut-off radius of the
dislocations; and O stands for a higher-order term KC1/2 . The variable C is a

SC

dislocation contrast factor that depends on the relative orientations between the

M
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Burgers and line vectors of dislocations and the diffraction vector. A detailed
procedure to determine C is given in [24]. A detailed process to calculate the density
in pearlitic wires via the modified Williamson-Hall can be seen in [25-27].

TE
D

2.2 MD simulations

Microstructure of pearlite consists of alternating lamellae of ferrite (α-Fe, BCC)
and nanoscale orthorhombic cementite (Fe3C). Although a variety of orientation

EP

relationships have been reported over the past years, the Bagaryatsky orientation

AC
C

relationship [28] has a high degree of registry and appears to be the most energetically
stable interface to form between ferrite and cementite [29, 30], which is adopted in the
present model setup. The Bagaryatsky orientation relationship is most commonly
observed as follows:

[100]cem || [1 10]fer
[010]cem || [110]fer
(100)cem || (112)fer
8 / 42
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the subscripts “cem” and “fer” in this paper denote cementite and ferrite, respectively.
Four different models (Fig. 1) which comprise of bulk ferrite and bulk cementite were
established. The simulated models have the brick shape, with dimensions about Lx×

RI
PT

Ly×Lz = 52.6×15.5×44.9 nm3 (~2.5 million atoms), oriented along the principal x:

[1 10] , y: [111] and z: [1 12] axes of the ferrite phase, respectively. Six repeats of
each lattice in normal direction have been confirmed to be sufficient to eliminate the

SC

effects of free surface on the calculated interfacial energies [29]. Therefore, the layer
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thickness of ferrite, cementite, ferrite (with dislocations), and vacuum (from bottom to
up in Fig. 1) are approximately 153.6 Å, 40.0 Å, 154.1 Å, and 100.0 Å in the z-axis
direction, respectively. To mimic the experimental conditions, we introduce
pre-existing dislocation density in the ferrite with a loading-unloading technique, with

TE
D

uniaxial tensile elongation up to tension strain of 30%. Such operation can avoid the
artificial interface plasticity with different mechanism of dislocation nucleation from
the ferrite-cementite interface.

EP

Model Ι

Vacuum

Vacuum

Ferrite

Ferrite

Ferrite

Ferrite

AC
C

Cem 001
Fer 112

Model ΙV

Vacuum

Ferrite

Fer 110

Model ΙΙΙ

Vacuum

Cementite

Fer 111

Model ΙΙ

Cementite

Cementite

Ferrite

Cementite
Ferrite

Cementite

Cementite
Ferrite

Cem 100
Cem 010

Fig. 1. Schematic demonstration of the four different atomistic models. Model I and III have
continuous layer of cementite, while Model II and IV have non-continuous cementite layer. The
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carbon concentration in ferrite in Model III and IV is about 0.37 at. %. The ferrite layer above
cementite has pre-existing dislocations. Green curves correspond to dislocations. Blue particles
represent carbon atoms.

RI
PT

MD simulations are performed with the package Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [31]. The atomistic interaction is modeled
by the modified embedded-atom method (MEAM) [32] which predicts more reliable

SC

lattice parameters and energetics over the embedded-atom method (EAM) [33]
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although the former is more expensive. Table 1 shows the lattice constants and
interfacial energy calculated by the MEAM potential for cementite and ferrite. The
calculated values of the lattice constants of both phases are in good agreement with
experimental data [28] and that of other calculations [29].

TE
D

In order to generate dislocation in ferrite, we first constructed a bulk ferrite with
perfect lattice of approximately one million atoms in a slab of dimensions of Lx × Ly
× Lz = 41.1 × 16.8 × 18.2 nm3. Periodic boundary condition was applied in each

EP

direction. Energy minimization was performed by using the conjugate gradient

AC
C

algorithm, followed by a thorough relaxation of the stress tensor. Simulated structure
was then thermally equilibrated for 200 ps at 300 K and loaded along x-axis to the
tensile strain of ε = 0.30 after yielding, with a prototypical MD strain rate of 108 s-1.
After that, the ferrite was compressed along x-axis to the stress condition of

σ x = 0.00 GPa under the same strain rate. The ferrite model with dislocation was
then thermally equilibrated again for 80 ps at 300 K. Finally, the dislocated ferrite was
cooled to 0.2 K within 80 ps. The generated dislocation density in ferrite is about
10 / 42
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4.63 ×1016 m-2. The isothermal stress relaxation in this work was achieved by
Nosé-Hoover thermostat [34, 35], and the stress tensor was controlled by a
Parrinello-Rahman technique [36] within a NPT ensemble, where N, P and T denote

RI
PT

number of atoms, pressure and temperature, respectively. For the carbon
concentration, atom probe tomography (APT) studies probing perpendicular to the
drawing axis found that carbon concentration in ferrite is cC = 0.25 at. % (0.054

SC

wt. %) when a wire is drawn to a true strain magnitude of ε = 2 .0 ; cC ≈ 0.6 at. %

M
AN
U

(0.13 wt. %) for the case of ε = 3 .4 7 , ε = 5 .0 , corroborating saturation of
cementite dissolution [37, 38]. Considering both the experimental results and the
modeling convenience, the addition of carbon atoms with concentration of cC = 0.37
at. % was applied for the present models. The random positions of carbon atoms was

TE
D

constructed by the software PACKMOL [39].

In the tensile test along x-axis, a three-dimensional periodic boundary condition
was applied and the MD timestep was chosen as 2 fs. After setup of the atomistic

EP

models (as shown in Fig. 1), energy minimization was performed at 0 K by using the

AC
C

conjugate gradient algorithm to relax the interface stress, followed by the relaxation
of the stress tensor of the whole interface model. The models were then thermally
equilibrated for 200 ps at 300 K. Uniaxial tensile loading was performed along the
ferrite [1 10] direction (axis Lx) with a constant strain rate of 108 s-1, while the stress
along the ferrite [111] direction (axis Ly) was relaxed to stress-free condition and the
dimension of Lz was kept unchanged to maintain the vacuum layer. The software
OVITO [40] was used to visualize the defects in the interface models. We use
11 / 42
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dislocation extraction algorithm (DXA) [41] to recognize dislocations and their
characteristics.

RI
PT

3. Experimental results
3.1. Tensile test

Engineering stress-strain curves for the wires annealed at different annealing

SC

temperature for 10 min are shown in Fig. 2a, together with the curve for the initial

M
AN
U

drawn wire. The mechanical properties are determined by using a standardized tensile
test method and results are given in Figs. 2b and c. The strength (especially the yield
stress) is enhanced significantly when annealing at 175 ℃ and then decreases
gradually with the rise of temperature. Compared with the as-drawn wires, the tensile

TE
D

strength is improved when the treatment temperature rises up to 325℃. The variation
of wire ductility roughly shows an opposite trend in contrast to the strength, i.e. the
stronger wire has a smaller elongation, compared to the as-drawn state. However, an

EP

exceptional but interesting point comes out when the wires are treated at 325℃. The

AC
C

ductility of the wires is much larger than that of the initial wires, but contrary to what
one might suppose, the strength is not cut down but slightly increased instead.
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Fig. 2. (a) Engineering tensile stress–strain curves of the annealed wires at different annealing
temperatures for 10 min. (b) Ultimate tensile stress and 0.2% yield stress vs. annealing
temperature. 0.2% Yield stress. (c) Influence of annealing temperature on the elongation to failure

RI
PT

derived from stress-strain curves shown in (a).

Fig. 3 gives the engineering stress-strain curves for the wires under different
annealing time at 325℃. Similar to the results in Fig. 2, strengths of the wires are

SC

improved firstly and then decreases with increasing treatment time. Inspiringly,

M
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greatly enhanced ductility of the wires can hold for a long time (from about 2 min to
30 min) without losing their strengths. When annealed at 325℃ for 30 min, the total
elongation is almost increased up to three times as that of the as-drawn wire. This
phenomenon is intriguing for making both strong and ductile pearlitic steel wires, as

AC
C

EP

TE
D

the heat treatment technique adopted here is rather easy to operate.

Fig. 3. Engineering tensile stress–strain curves of the annealed wires under different annealing
time at 325℃.
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3.2. TEM and SEM observations

Fig. 4 illustrates the pearlite lamellae at most area of wires before annealing,
where the lamella direction is along with the wire axis. The average interlamellar

RI
PT

spacing is about 60 nm and the thickness of the cementite layer is about 6 nm. As the
wires undergo severe plastic deformation during the drawing process, plenty of

M
AN
U

SC

dislocations have accumulated in the ferrite layers.

TE
D

Fig. 4. Microstructure of the as-drawn steel wire observed by TEM.

The microstructures of wires with different annealing temperatures are given in

EP

Fig. 5. The annealed wire under 250℃ for 10 min shows similar TEM microscopic
images with the as-drawn state. The cementite lamellae mostly keep integrated and

AC
C

dislocations still remain in many regions of ferrite. No spherical cementite is found in
wire material at this state. When the temperature rises up to 325℃, cementite particles
have come out along cementite layers and their size is just about several nanometers
(less than the thickness of the remained cementite layer). Subsequently
recrystallization grains of cementite grow up to beyond 10 nm with annealing
temperature reaching 400 ℃ (Figs. 5c) and the cementite layers begin to be
discontinuous and fragmented. In the wires treated at 475 ℃ , many spherical
15 / 42
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cementite grains scatter over the inner material and cementite layers have almost
disappeared. A selected cementite grain is shown in Fig. 6a and the grain size of the
spheroidized cementite has been close to ~100 nm at this moment. Stacking faults are

RI
PT

observed within the grain, which are probably inherited from the cementite that
remained after cold drawing [42]. HRTEM image of the cementite grain and the
corresponding selected area diffraction (SAD) pattern along [001]cem zone axis is

SC

given in Fig. 6b, which shows a regular Fe 3 C crystalline structure according to the

AC
C
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discussion in [43].

Fig. 5. TEM images showing microstructures of wires after annealing for 30 min at (a) 250℃, (b)
325℃, (c) 400℃, and (d) 475℃. The appearance of the nanoscale spheroidized cementite
particles are indicated by arrows in (b).
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Fig. 6. (a) TEM observation of a nanoscale recrystallized cementite grain in a wire annealed at

SC

475℃ for 30 min; (b) HRTEM image of the marked block in (a) and the corresponding SAD

M
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pattern.

Fig. 7 shows SEM micrographs of the fracture surfaces of the wires annealed at
different temperature for 10 min. All wires exhibit clearly necking and cup-and-cone
fracture surfaces. For as-drawn and 250℃10min annealing wires, there are visible

TE
D

cracks in the low-revolution views. These cracks can be generated where local stress
concentrates, namely at ferrite-cementite boundaries, and lead to a relatively lower
elongation for wires. When temperature rises up to 325℃, distinct crack disappears

EP

and the fracture surface mostly shows a dimple structure. This may be due to the

AC
C

weakening of ferrite-cementite boundaries, since the recrystallization of cementite
starts to appear along the cementite layers (Fig. 5b). Therefore wires annealed at 400℃
10 min shows the best ductility as the cementite layers are totally fragmented into
pieces (Fig. 5c). For higher annealing temperature (475℃), micro-cracks reappear at
the wire fracture surface accompanying the drop of the elongation. As the cementite
grains grow up (Fig. 5d), dislocations seem to pin at the boundary of spheroidized
cementite, leading to local stress concentration and the initiation of cracks.
17 / 42
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Fig. 7. SEM micrographs of the fracture surfaces of the wires annealed at different annealing

temperature for 10 min.
Fig. 8 shows the internal morphology of wires under different annealing time at
325℃. Fig. 8a gives another photograph of wire treated at 325℃ for 10 min. The
initial recrystallized cementite particles can be clearly observed, whose size is just
about several nanometers and less than the thickness of the remained cementite layer.
18 / 42
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As being annealed for 30 min (Fig. 8b), the grains of the spherical cementite becomes
a little bigger (~10 nm). When the annealing time rises up to 60 min (Fig. 8c), the size
of cementite has reached tens of nanometers and the previous cementite layers have

TE
D
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become disconnected.

EP

Fig. 8. Microstructures of wires after annealing at 325℃ for (a) 10 min, (b) 30 min, (c) 60 min,

AC
C

observed by TEM. Globular cementite grains are marked by arrows.

3.3. XRD analyses

Fig. 9a shows the XRD patterns of the as-drawn and heat-treated steel wires and

the truncated strong (110) diffraction peak of the ferrite and the positions of the weak
reflections corresponding to the cementite are shown in Fig. 9b. Most cementite peaks
of the as-drawn specimen hardly can be seen due to the cementite decomposition
19 / 42
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during the severe plastic deformation of the cold-drawn process. Some of the
cementite peaks start to appear when the specimen is heat-treated at 325℃ for 10 min,
which is consistent with the nano-particles of recrystallized cementite in Figs. 5b and

RI
PT

8a. As the temperature rises, the cementite peaks are more and more distinct, implying

AC
C
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the grow-up of cementite grains.
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Fig. 9. (a) XRD patterns of the longitudinal cross-sections of the as-drawn specimen and wires
heat-treated at different temperatures for 10 min; (b) Truncated strong (110) diffraction peak of the
ferrite and diffraction peaks denoted by filled black circles are from cementite phase.

TE
D

Fig. 10a gives the modified Williamson-Hall plots for the diffraction profiles
measured in the as-drawn wires and wires treated at 325℃10min and 475℃10min. It

EP

can be seen that the slopes of the modified Williamson-Hall plots decrease with
increasing annealing temperature, which indicate a decrease of dislocation density

AC
C

upon annealing. Fig. 10b gives dislocation results of the heat-treated wires. It can be
seen that the dislocation density of the as-drawn wire reaches the order of 1015 m-2.
The dislocation density of the heat-treated wires decreases slightly when temperature
is less than or equal to 325℃ and the annihilation of dislocation accelerates distinctly
with higher temperature. Overall the recovery of dislocation happens and the
dislocation strengthening to pearlitic wires is reduced during the annealing process.
The variation tendency of the dislocation density we get is consistent with the results
21 / 42
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in [26, 27].

Fig. 10. (a) The modified Williamson-Hall plots for wires treated at different annealing
temperature; (b) Dislocation density obtained from modified Williamson-Hall method.

4. Discussion
22 / 42
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4.1. Strength and ductility mechanism of pearlitic wires
As is well-known, pearlitic steel wires get their high strength through the severe
cold-drawn process [4]. Three mechanisms contributing to the wire strength have

RI
PT

been proposed [7, 8]: boundary strengthening σ b (the strengthening by grain
boundaries is replaced by strengthening due to cementite lamellae), dislocation
strengthening σ ρ and solid solution hardening σ ss . Boundary strengthening obeys

σ b = k (ε )( 2λ )

−0.5

(3)

is the average thickness of the ferrite layers and k ( ε ) is a strain

M
AN
U

where λ

SC

the classical Hall-Petch relation

dependent parameter. Dislocation strengthening is considered on the assumption of
forest or Taylor strengthening and related to the high dislocation density generated

σρ = Mαµb ρ

TE
D

from the severe plastic cold-drawn deformation

(4)

where M is the orientation factor, α is a constant, µ is the shear modulus of

EP

ferrite, b is the Burgers vector and ρ is the dislocation density in the ferrite layer.

AC
C

Solid solution hardening is resulted to the carbon concentration in the ferrite lamellae
as cementite decomposition has been proved to be a prevalent phenomenon during the
cold-drawn process.

So the strength of the wires can be expressed as

σ (ε ) = σ 0 + σ b + σ ρ + σ ss
(5)
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where σ (ε ) is the flow stress at a given drawing strain and σ 0 is the friction
stress of the pure ferrite. Among the three mechanisms, the boundary strengthening is
considered to be the dominant one contributing to the wire strength [4].

RI
PT

When being annealed at low temperatures (175℃ and 250℃), the strengths of
wires are higher than that of the as-drawn specimen. However, there is not a distinct
difference between the microstructures of the heat treated and as-drawn samples under

SC

TEM observation. The pearlite lamella still keeps integrated and no recrystallization
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of cementite is seen along the cementite layers (Fig. 5a). This indicates that the effect
of boundary strengthening is mainly unchanged. At the same time, the effect of
dislocation strengthening cannot be enhanced since the dislocation density is slightly
reduced. So the increasing of the wire strength most probably results from the solid

TE
D

solution hardening function. It is found through 3DAP technique that cementite in
pearlitic steel wires may decompose under low temperature annealing [11, 44].
During the cold-drawn process, the cementite layer can dissolve into fragmentation or

EP

even turn to amorphization by dislocations cutting cementite and dragging carbon
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along the ferrite-cementite interfaces [21, 45]. When the wires are heated, the partly
dissolved cementite lose their stability and the carbon atoms can be attracted by the
dislocations in the ferrite layers, since the binding energy of carbon to dislocations is
greater than that to cementite [46]. The decomposed carbon atoms in ferrite can pin
the dislocations and restrain their movement, which leads to the rapid increasing of
the yield stresses of wires annealed at 175℃. MD simulation results in Section 4.2 has
proved this solid solution hardening mechanism by considering the interaction
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between dislocations and carbon atoms. Meanwhile, it is well known that the plastic
deformation of metal is mostly involved with the morphology of dislocation. Since
dislocations in ferrite have been locked by carbon atoms, a lower ductility for wires
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annealed at low temperatures (175℃ and 250℃) is reasonable.
As the annealing temperature rises to 325℃, the ductility of wires is improved
significantly compared with the as-drawn specimens. The cementite recrystallization

SC

starts to appear in the cementite layers of the wires at 325℃ for 10 min (Figs. 5b and
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8a). Fig. 11b gives a HRTEM image of a selected region in Fig. 11a, including a
section of cementite lamella and a cementite nano-recrystallization grain. From the
FFT images of the selected area in Fig. 11b, the location near the cementite nanograin
along the cementite lamella shows the same lattice structure with the adjacent ferrite.
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It seems that as carbon atoms in some places of cementite layers are attracted to
participate in the spheroidization of cementite, the initial cementite lamellae nearby
have transformed into ferrite due to the lack of carbon atoms. This means the two

EP

separated neighboring ferrite layers become interconnected now, which leads to a

AC
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bigger free path of dislocations that allow dislocation penetration and a higher
ductility of the wires consequently. Meanwhile, the unconnected cementite layers
weaken the restriction to dislocations, so that the boundary strengthening effect is
reduced and the strengths of wires begin to decrease gradually.
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Fig. 11. (a) TEM observation of pearlite lamellae in a wire annealed at 325℃ for 10 min. (b)
HRTEM image of the marked area in (a), including a cementite nano-recrystallization grain
labeled as block ‘3’. (c-e) FFT patterns of the marked blocks ‘1’, ‘2’ and ‘3’ in (b), respectively.

EP

When the temperature goes up to 400℃, the cementite lamellae have turned into
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pieces with a greater extent (Fig. 5c), so the strength of wire decreases and ductility
increases continuously. The recovery of dislocations in ferrite begins to weaken
dislocation strengthening. Also, carbon atoms are participating in the recrystallization
process, so the concentration of carbon in ferrite also reduces, which releases the
locking of dislocations in ferrite and the decrease of carbon in ferrite enhances the
ductility of wires. However, the samples under 475℃ reversely have a lower ductility
than those in 325 ℃ and 400 ℃ . This may be due to the grain and sub-grain
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boundaries generated with the coarsening of ferrite and cementite grains (Fig. 5d),
which restrain the movement of dislocations. The wire strength drops concomitantly

4.2 Atomistic insights into strength and plasticity
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with the growth of cementite and ferrite grains.

Interfacial energy was calculated on the Bagaryatsky orientation relationship to

Eint =

Etotal − EBCC − EFe3C
Lx Ly
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was calculated following the equation [29] :

SC

ensure the robustness of the simulations results. The interfacial energy of the system

− γ BCC − γ Fe3C

(6)

where Lx and Ly are the dimensions of the interface along x and y directions, and γ BCC
and γ Fe3C are the surface energies of ferrite and cementite per unit area in the normal

TE
D

dimensions. Etotal , EBCC and EFe3C are the total energy of ferrite/cementite system,
the bulk energies of bcc Fe and Fe3C crystal, respectively. To make results more

EP

accurate, we use multiple interatomic potentials for the Fe-C system. We predict a
series of interfacial energy by using the MEAM, Tersoff [47] and EAM [33]
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potentials, which are in good agreement with those of predicted by Guziewski et al.
[29], as shown in Table 1.
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Table 1
Comparison of the lattice constants and interfacial energy of cementite and ferrite by using

MEAM

Tersoff

Cementite

Ferrite

This work

Ref.[29]

This work

Ref.[29]

4.84

4.84

4.52

4.41

4.41

5.08

6.50

6.66

6.73

2.86

2.87

2.87

1.44

1.47

–

a (Å)

4.47

4.47

4.48

4.47

b (Å)

5.09

5.09

4.96

5.07

c (Å)

6.67

6.67

6.47

6.45

a (Å)

2.85

2.85

2.89

2.86

2

1.01

1.12

0.99

1.03

(J/m )

Experimental [28]
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Interfacial energy

EAM

SC

This work Ref.[29]
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different potentials with experimental data and that of other calculations.

The strength and ductility of Fe-C structure should depend on the interaction
between dislocation and interface, as well as carbon atom distribution in ferrite. In
order to explore the interaction between dislocation and the ferrite/cementite interface,

TE
D

nanoscale continuous cementite and non-continuous cementite layers were
constructed, as shown in Fig. 1. Besides, pre-existing dislocations were introduced to

EP

the top ferrite layers by loading and unloading technique, while the ferrite layer at
bottom had no defects before loading (Fig. 1 Model I and II). The decomposition of

AC
C

cementite leads to transfer of carbon atoms from cementite to ferrite. The addition of
carbon diffuses into the bcc Fe lattice in the direction of the two nearest neighbor Fe
atoms around the carbon interstitial. Lattice distortion increases the resistance to
dislocation, making slip difficult to perform. The ferrite inserted with carbon atoms
randomly was constructed to investigate the interaction between carbon atoms and
dislocations (Fig. 1 Model III and IV).
The solid solution effect of carbon atom can improve the strength of the pearlite
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steel by blocking the motion of dislocation. Fig. 12a and b show the stress-strain
curves of the four different models, and Fig. 12c shows the calculated flow stresses of
each model under uniaxial tensile loading. The flow stress was determined after

RI
PT

yielding statistically. With strain increasing, all curves share a common feature,
namely stress drops after peak stress, which corresponds to the dislocation nucleation
from the interface. However, the dislocation nucleation behavior is out of our

SC

discussion in the present work. Here we concentrate on the behavior of dislocation in
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the four structures after yielding. The models with carbon atoms in ferrite have a
higher flow stress compared with those of models without carbon atoms in ferrite (as
illustrated in Fig. 12c). Besides, Fig. 13 shows the interaction between dislocations
and carbon atoms during plastic flow. Carbon atoms located on dislocations are

TE
D

observed, which illustrated carbon atoms can block the movement of dislocation and
the material has a higher strength. This is expected to be the solid solution
strengthening mechanism why strength is increased after annealing. Furthermore,

EP

dislocations are observed to be more difficult to spread in Model III or IV than that of
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C

Model I or II in supplemental videos along the snapshots of Fig. 14. Interestingly, the
models with carbon atoms in ferrite layer have a lower peak stress than those of
models without carbon atoms in ferrite layer in Fig. 12a and b. This suggests that new
dislocations are easier to nucleate in pearlite with ferrite inserted carbon atoms,
namely defects like carbon atoms in ferrite layer may promote the formation of
dislocations since point defect reduces the nucleation barriers.
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Fig. 12. The stress-strain curves and the calculated flow stresses of four different models under
uniaxial tensile loading. (a) The stress-strain curves of the continuous cementite and the
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continuous cementite with carbon atoms. (b) The stress-strain curves of the non-continuous
cementite and the non-continuous cementite with carbon atoms. (c) The calculated flow stresses of
the four models.

(a)

(c)

EP
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(b)

2 nm

2 nm
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2 nm

Fig. 13. MD snapshots showing the interaction between dislocations and carbon atoms during
plastic flow. (a) and (b) Mobile dislocations are blocked by the carbon atoms. Yellow arrows point
to the positions where dislocation fragments are pinned by carbon atoms. (c) A dislocation loop is
pinned by carbon atoms. The dislocations lines are extracted by the DXA algorithm. Red, blue and
colors between denote screw, edge, and mixed dislocations, respectively. Purple arrows show the
Burgers vectors. For a clear vision, all the Fe atoms have been removed and the diameter of
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carbon atoms have been enlarged for three times. White and blue balls correspond to the
interstitial and substitutional carbon atoms in BCC Fe.

The above discussion has demonstrated that carbon atoms can increase the

RI
PT

strength, and we now discuss that the non-continuous cementite layer can increase
ductility of pearlite steel. As we know, ferrite is ductile, while cementite is brittle.
Spheroidization of cementite leads to non-continuous cementite layers and provides

SC

the material with a continuous ferrite matrix, and the material shows more ductility.
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Fig. 14 shows the snapshots and the associated dislocation configurations by DXA
analysis. According to the snapshots of the continuous cementite in Figs. 14a and c,
the dislocations were restricted inside ferrite and cannot pass through the cementite
into neighboring pure ferrite (without dislocations). Only newly nucleated

TE
D

dislocations were observed after yielding. It is a brittle mechanism since the
dislocations may be piled up at the interface and leads to subsequent stress
concentration on the interface. On the contrary, the snapshots of the non-continuous

EP

cementite models (as shown in Figs. 14b, d) show that the exiting dislocations are

AC
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easy to spread from discontinuities of cementite into pure ferrite. This means that
non-continuous cementite structure contributes to the spread of dislocations and the
material behaves more ductile.
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Fig. 14. The snapshots and the associated dislocation pattern by DXA of the four different
configurations. From up to bottom, (a), (b), (c), and (d) refer to Model I, Model II, Model III, and
Model IV, respectively. From left to right, the snapshots at different strain and rendered of each

EP

configuration by using the DXA analysis tool in OVITO. Perfect Fe atoms are not shown in the
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snapshots for clarity. Green and pink lines are referred to 1/2 <111> and <100> dislocations,
respectively. Gray spots, top gray slab and middle gray slab represent carbon atoms, vacuum and
cementite, respectively.

5. Transformation of carbon state
Fig. 15 gives a sketch of microstructures of the as-drawn wires and the annealed
wires treated at 325℃ for 10 min, which have a greatly improved ductility without
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losing their strengths. In the as-drawn state, the wires keep the lamellae structure. A
few cementite layers have broken due to the decomposition of cementite and the
carbon atoms from the decomposed cementite have migrated into the ferrite. In

RI
PT

contrast, the cementite layers of the annealed wires have become disconnected and
been separated by the recrystallized cementite particles (Fig. 11). Meanwhile the
concentration of carbon in ferrite increases due to decomposition of cementite during

SC

the low temperature annealing. As aforementioned, the enhanced solid solution by
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carbon atoms in ferrite holds the strength of the wires and the improvement of the
ductility of wires is from the connecting of adjacent ferrite layers, which releases
dislocation pileup on the interface and makes the axial tension of the pearlitic
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C
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D

lamellae much easier.

Fig. 15. Schematic diagram showing the microstructure of wires with (a) no annealing, (b)
annealing at 325℃ for 10 min.
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The microstructure and mechanical property of wires are greatly related to the
state of carbon atoms. Generally carbons in pearlite wires mainly exist in three forms:
the partly dissociated cementite lamella, segregated at dislocations in ferrite via solid

RI
PT

solution and the spheroidized grains of recrystallized cementite. APT results have
proved the cementite dissolution upon cold drawing and the carbon concentrate in
cementite lamellae is lower than 25 at.% (6.7 wt%) for the strict θ - Fe 3C crystals [5,

SC

21, 48]. It is concluded that cementite should be regarded as an interstitial phase
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Fe 3C1− x with a wide homogeneity range x = 0 − 0.5 [49, 50]. Some other reports
of cementite deviating from the perfect Fe 3C composition do exist, such as

x = 0.003 − 0.009 [51], x = 0.02 [52], or reach up to x = 0.25 [53]. For
cold-drawn pearlitic wires, the smaller interlamellar spacing seems to result in higher

TE
D

decomposition of cementite (i.e. the lower carbon content in cementite layers) [5, 54,
55]. Also, as aforementioned, the cementite lamella tends to fragment into multi-grain
structure [44, 56], or further turn to amorphization [57, 58] with the increasing of

EP

drawing strain. So the partly dissociated cementite layer becomes unstable when
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temperature is applied on it.

When annealed at a low temperature (175-325℃ in this paper), the cementite

dissociation continues and carbon atoms partially migrate into ferrite layers to
enhance the solid solution effect. As a result, strength of wires is improved but the
ductility is decreased. On the other hand, the cementite recrystallization starts to
appear along the initial cementite lamella when the temperature rise up to 325℃,
which forms perfect Fe 3C grains and the nearby sections are lack of carbon and
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could translate into ferrite bcc lattices (Fig. 10). So one have

Fe 3C1− x ( lamella ) → Fe 3C ( particle ) + α -Fe
Then the initial separated ferrite layers can be connected by the newly formed α -Fe

RI
PT

and the ductility of wires is increased rapidly while the wire strength is reduced. With
higher temperature, the coarsening of ferrite and cementite grains and the annihilation
of dislocations enhance this variation of wire mechanical properties. In summary,

SC

annealing at 325℃ for 10-30 min is a balanced condition that can greatly improve the
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wire ductility without losing its strength. From the TEM observation in Figs. 8a and b,
the size of spheroidized cementite particles may be a critical condition to reach the
status, i.e. the cementite recrystallization grains should be controlled within several
nanometers, not more than the thickness of the cementite layer.
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Not all the cold-drawn wires can obtain a considerably improved ductility without
losing their strengths through annealing. It seems that the drawing extent before heat
treatment may play an important role. The wires with drawing strains of 6 [42] and 5

EP

[15] can keep their strengths until the annealing temperature is beyond 150℃ and

AC
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200 ℃ , respectively. No obvious improvement of strength is found during their
annealing while the strength enhancing begin to appear when the drawing strain drops
to 4.63 [11]. The temperature under which the strength falls to below that of the
as-drawn state exceeds 400˚C for wires drawn to 1.7-1.9 [59, 60]. We can conclude
that the wire capacity to keep its strength drops with the larger drawing strain and
strength improvement could disappear when the strain reaches a relatively severe
extent. This may be due to the saturation of carbon in ferrite with highly dissociated
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cementite lamellae in heavily drawn wires [21, 61], which makes the further solid
solution upon annealing improbable for ferrite [4]. So a moderately drawn wire may
be preferable to achieve a balance of strength and ductility, otherwise the strength will
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PT

be reduced even though the ductility is improved.
At last, the mechanism of cementite decomposition is discussed. Many researchers
attribute it to the effect of dislocations [21, 45], even though whether dislocations cut

SC

cementite and drag carbon out or dislocations located near the ferrite-cementite
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interfaces attract carbon is not clear [4]. An atomistic simulation which calculates the
energetic profile of carbon binding and migration around a screw dislocation in bcc
iron supports the dislocation drag concept by which mobile dislocations can collect
and transport carbon within their cores from the cementite into the adjacent ferrite
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D

phase [20]. In this paper, the cementite lamellae is deduced to decompose at low
temperature annealing, which coincides with the APT results in Ref. [11]. Though it is
found that cementite decomposition proceeds during aging after drawing, not during

EP

the drawing process [11, 62], dislocations still play an important part in our opinion.
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On the one hand, high density of dislocations are introduced in ferrite by heavy
drawing and the binding energy of carbon to dislocations is greater than that to
cementite [46]. On the other hand, dislocations pinning at the ferrite/cementite
interfaces enhance the instability of cementite lamella by making it polycrystalline or
amorphous [45]. So the active carbon atoms can be attracted to the dislocation
locations during low temperature aging. As the dislocation density of wires drops
during annealing, the dislocation drag mechanism may be not prevailing. In contrast,
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the pipe diffusion mechanism may be dominant. That is dislocations located in the
ferrite/cementite interfaces act as accelerated paths (i.e., pipes) for carbon diffusion
from cementite to the trap sites in ferrite [63]. The paths (dislocations) are introduced

RI
PT

during the cold drawn process, but it still needs enough time and energy for the
carbons to migrate from cementite lamellae into ferrite. So the carbon concentration
in cementite is still larger than 20 at.% after wire drawing [11], since minimal heating

SC

occurs during their wet slow drawing and wires are stored at 243 K to prevent room
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temperature (RT) aging. When temperature rises, the carbon diffusion process is
accelerated and thereupon cementite decomposition happens, like the results in [11,
62] and this paper.
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6. Conclusions

The tensile properties and microstructure of pearlitic steel wire under different
annealing conditions are studied in this work. When annealed at appropriate

EP

temperature and time (325℃for about 10-30 min), we get the enhanced wire property,
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i.e. the ductility of wire is almost tripled without compromising strength. The
strengthening and plasticity mechanisms with relation to the transformation of carbon
state are examined in details. Accordingly, the following conclusions can be drawn:
(1) Under relatively low temperature (≤325℃), wires can hold their strength through
solid solution of carbon atoms from decomposed cementite lamellae which
generates during the cold-drawn process. The heating operation may provide
enough energy to make carbons migrate from the unstable dissociated cementite
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layers to dislocations in ferrite grains.
(2) When annealed at medium and higher temperature (≥325℃), recrystallization
cementite grains begin to appear and continuously grow up along the initial

RI
PT

cementite layers. The improvement of wire ductility is obtained since cementite
recrystallization leads to fragmenting or disappearing of the cementite lamellae
which decreases the restriction to the moving of dislocations. Correspondingly the

SC

wire strength decreases with the growth of cementite and ferrite grains.
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(3) The appearance of nano-recrystallized cementite grains (＜10 nm) at a medium
temperature may be the appropriate condition to get enhanced wire property. For
wires heat-treated at 325 ℃ for 10-30 min in this paper, the solid solution
strengthening effect still remains and meanwhile the weakening of cementite
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layers due to cementite recrystallization has started to improve the wire plasticity.
Thus a balance of wire strength and ductility requires carefully control of the

EP

annealing condition.
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