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Abstract
In this paper, the mechanical properties of kEl-doawn wire ¢ =2.43) are

modulated by simple annealing and the variatiortisofnicrostructure is characterized
by transmission electron microscopy (TEM), X-raffrdiction (XRD) and molecular
dynamics (MD) simulation. The tensile ductility tfe wire can be improved for
about three times without compromising its strengtten being annealed at 325
for 10-30 min. It is convinced that solid solutiohcarbon atoms from decomposed
cementite lamellae improve the wire strength at lewperature annealing (up to
250C) and make the wire strength basically equal thdrawn state even though

cementite lamellae are weakened by cementite radligation at 325C. And
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reversely the weakening cementite layers lead & gfeat improvement of wire
ductility at this time since it relaxes the redidn to the moving of dislocations. At
higher annealing temperature, the wire strengthredses with the growth of
cementite and ferrite grains. The appearance aj-neerystallized cementite grains at
a medium annealing temperature may be a criticabfagoverning the enhanced wire

mechanical properties.

Keywords. Pearlitic steel wire; carbon state; annealingergith and ductility;

atomistic simulations

1. Introduction

Cold-drawn peatrlitic steel wires are widely usedengineering structures such as
wire ropes, suspension bridges, springs and autibendipe cords due to their
combination of ultrahigh strength and applicabletdity. During the past decades,
wires have become the strongest bulk steel produtiisa strength even up to about
7 GPa [1]. Usually the steel wires are drawn frdm hot roll bars, which undergo
isothermal transformation of austenite at tempeesatof 480-55QC (i.e. patenting) [2,
3]. The steel structure in this case is a fine l@n@earlite with interlamellar spacing
below 100 nm. Then the wires experience a cold-drpvocess with severe plastic
deformation (SPD) and get their high strength gaflguGreat efforts have been made
to understand the microstructural evolution andetfect on strength upon cold
drawing [4]. Meanwhile in many engineering applicas, such as suspension bridges
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and power cables, wires are subjected to hot-diyageation or blueing to improve
their anti-corrosion property [5, 6], so the thefrmatability of cold-drawn wires as
well as their microstructural mechanisms associat@ti heat treatment are also
widely concerned by researchers.

Generally speaking, one would like to acquiré only strong but also ductile
steel wires, since ductility is very important teyent abrupt failure of wire material
under service conditions. However, during the abigwn process, wire strength is
improved while ductility usually decreases concamity. With increasing drawing
strain, wire radius and the interlamellar spacihgearlitic plates decrease, so wire
strength increases with the smaller interlamell@acgg (obeying the Hall-Petch
relation [7]). But wire ductility drops due to tls&ronger restraint to dislocations from
cementite layers. Some exceptions only happen teswvith a high drawing strain
(bigger than 4) [1, 8, 9]. The reason may be on dhe hand, the thickness of
cementite lamella at this stage can below 1 nnaf] thin cementite shows a certain
extent of ductility due to size effect [10]. On tb#her hand, atom probe tomography
(APT) results show that the cementite lamellae hégiextensively decompose into
pieces under severe plastic deformation (SPD) Yihjch may release certain
constraint to dislocations and contribute to thectidity of wires. However, the
diameter of wires with high drawing strain can leeywthin (even below 0.1 mmin [1,
8]), leading to severe limitations for the broadjieeering applications.

Heat treatment is another effective method totrob wire mechanical property
and microstructure. Wire strength has been founetslightly improved at the low
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annealing temperature [6, 11, 12] with the reductbits ductility [6]. Then the wire
strength decreases and the wire ductility is enddnmontinuously within higher
temperatures, or worse, the wire with an as-drawength of 6.35 GPa get a
deteriorated ductility with increasing temperataeove 350C [13]. Under low
temperature annealing, the wires experience statais aging and recovery of
microstructure, while recrystallization and grainowth of cementite and ferrite
appear at higher temperatures [12]. However, trengd of microstructure in the
low-temperature annealed wires can hardly be obsetlhirough TEM [5, 13, 14],
even though the strength (especially the yielchgtit® may have varied apparently. It
indicates that more delicate variation has happenetthe wire material. Through
positron annihilation spectroscopy (PAS), reseacfaund that at low temperatures
up to about 523 K, annihilation of carbon-vacanoynplexes (single or perhaps
di-vacancies) is probable and carbon might difftsegrain boundaries, interphase
boundaries or dislocations [15, 16]. An interestiBT result exhibits a complete
dissolution of cementite with a uniform distributiof carbon over the whole sample
is generated after annealing at 423 K, which indgaéhe decomposition of cementite
during low temperature annealing.

It seems that improving the strength and dagtiéif wires simultaneously is
improbable to achieve. Nevertheless, it is find tha tensile strength and ductility of
a moderate drawn wires(= 2) was found to be both improved slightly under low
temperature annealing [17, 18]. The strength irs@es believed to result from
cementite nano-grains decoration of the ferritéodegtions and the enhanced ductility
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may originate from defect recovery when the miartagtire of steel wires remains to
be lamellar. However, possible conditions to achiavstrength-ductility balance are
not given in detail explicitely, since their attiemt were paid to other important topics,
like the crystallization of cementite [17] and tors property of pearlitic wires [18].
To the author’s view, the strengthening and plagtimechanism of cold-drawn
pearlitic wires under the annealing process hatgetdeen totally understood so far.
In recent years, atomistic simulations are ewgdo to help explain the
microstructural evolution and mechanical mechanddthe pearlitic wires. With
molecular statics (MS), binding energy between @daa atom and screw or edge
dislocations in bcc iron is calculated at the atomstale. The results show a
guantitative agreement with elasticity theory, amgl as anisotropic elastic
calculations are performed and both the dilatateod the tetragonal distortion
induced by the carbon interstitial are consider&@].[ A multiscale simulation
approach based on atomistic calculations and aedésdiffusion model is developed
to explain the mechanism of cementite compositianng wire drawing [20]. Results
favor the so-called drag mechanism, by which a teadgrew dislocation is able to
transport carbon atoms along its glide plane, dmvsa good agreement with C
concentration data in ferrite form APT observati@i]. MD simulations are also
carried out to investigated the misfit dislocatiagerrite/cementite interfaces and for
various orientation relationships (ORs) and thetrposbable ORs in pearlitic steel is
given [22]. By means of aberration-corrected TEMagimg and density functional
theory (DFT), it is found that the interface witkrminating layer Fe—C—Fe in
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cementite has the lowest energy due to the formationterfacial Fe—C bonds [23].

In this paper, different microstructure and nsetbal properties of cold-drawn
wires are obtained by annealing at temperaturesdest 175 and 475C. The TEM
and XRD techniques are taken to characterize tbkigon of microstructure in wire
material. MD simulations are conducted to elucidageinteraction between carbons
and dislocations, and the plastic mechanism ofatimeealed pearlitic wire. Then the
strengthening and plasticity mechanism with refatio the transformation of carbon
state are analyzed via consistent views from baffeemental characterization and
atomic-scale observation from MD. Finally, the pable annealing condition to

improve both the wire strength and ductility isadissed.

2. Methodology
2.1 Experimental procedures

The studied material is from drawn pearliticestevires with a near-eutectoid
content of Fe-0.72C-0.51Mn-0.24Si wt.%. Steel ragge quenched in salt bath at
about 550C after being fully austenized at 900 and completed isothermal pearlitic
transformation. Then the patented wires were dricam a diameter of 2.90 mm to
0.90 mm. The reduction corresponds to a true digwtrain of 2.34 when applying
the equation:
£=2In (dO / d)

(1)
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where d, is the initial wire diameter and is that of the drawn wire. The drawing
process is carefully controled and the wires werd-lwbricant to avoid distinct
temperature rise during deformation.

Post-drawing annealing was conducted at an intesf/al5C increments from
175C to 475C. The wires were put in glass tubes with vacuunavoid surface
oxidation and followed by air cooling to room temgtere. The tensile tests were
performed on wires of all annealing levels on an3v@10-100 kN servo-hydraulic
testing machine with a loading rate of 2 mm/min.

Fracture surfaces of tensioned wires were exaanipy a scanning electron
microscope (SEM, JEOL, JSM-7100F). Internal mionostures were studied by
TEM using a JEOL JEM-2100F instrument operatedO&t V. Thin films for TEM
observation were cut from the center of the wirkes@ the longitudinal direction,
which were first mechanically ground to ~50 mm kiniess and then thinned by a
twin-jet polishing method in a solution of 5% pduait acid in ethyl alcohol with a
voltage of 40V at 2T .

The phases of the samples were examined by XRD Rigaku SmartLab 9
diffractometer using Cu & radiation. The analysis of the dislocation densityhe
pearlitic steel wires was based on the modifiedisvilson-Hall method, in which an
increase in line broadening with increasing diffi@et order is explained as strain
anisotropy caused by dislocations. The modified lisWiison—Hall equation is
expressed as follows:

AK =1/D +mu/;(l<cl/2) +O((Kcl/2)2)
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2)

whereK=2sin@/2)/A andAK=A8-cos@/2)/A. In Eq. (2),0 andA6 are diffraction angle
and the full width at half maximum (FWHM) for evedyffraction peak respectively;
p andb are the dislocation density and the Burgers vectspectively,D is the
average grain sizeB is a parameter depending on the outer cut-offusadif the
dislocations; andO stands for a higher-order terddCY?. The variableC is a
dislocation contrast factor that depends on thativ@ orientations between the
Burgers and line vectors of dislocations and th#radition vector. A detailed
procedure to determing is given in [24]. A detailed process to calculdte density

in pearlitic wires via the modified Williamson-Halan be seen in [25-27].

2.2 MD simulations

Microstructure of pearlite consists of alternatlamellae of ferrite ¢-Fe, BCC)
and nanoscale orthorhombic cementite ;(FHe Although a variety of orientation
relationships have been reported over the pastsyd¢he Bagaryatsky orientation
relationship [28] has a high degree of registry apdears to be the most energetically
stable interface to form between ferrite and ceiteef29, 30], which is adopted in the
present model setup. The Bagaryatsky orientatidetioaship is most commonly
observed as follows:

[100L,, || [110],,

[010,, || [110],,

(100)r, II (112),
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the subscripts “cem” and “fer” in this paper dencéenentite and ferrite, respectively.
Four different models (Fig. 1) which comprise ofkbierrite and bulk cementite were
established. The simulated models have the briakeshwith dimensions abolg X
Ly XL, = 52.6X15.5X44.9 nnt (~2.5 million atoms), oriented along the princigal
[110], y: [111] andz [112] axes of the ferrite phase, respectively. Six repe#
each lattice in normal direction have been confarteebe sufficient to eliminate the
effects of free surface on the calculated intedlaenergies [29]. Therefore, the layer
thickness of ferrite, cementite, ferrite (with disations), and vacuum (from bottom to
up in Fig. 1) are approximately 153.6 A, 40.0 A415A, and 100.0 A in the z-axis
direction, respectively. To mimic the experimentabnditions, we introduce
pre-existing dislocation density in the ferrite lwé loading-unloading technique, with
uniaxial tensile elongation up to tension strairB8%. Such operation can avoid the
artificial interface plasticity with different meahism of dislocation nucleation from

the ferrite-cementite interface.

Modell Modelll ModellIl Model IV
Vacuum Vacuum Vacuum Vacuum
\ Ferrité Ferrite .\ Ferritgt_ ° O\ Ferrigel* | *
= A . ° .' ° P ° . P o % °
g - . ° L] . .
= Cementite ementitg  [Cementitp Cementite Cementit¢ { Cementite
Q .
; . ° o ° e . ’ ° . D
= Ferrite Ferrite . .o Ferte ° ° . Feriite , *
= . . o, o .
=
®

Fer[110] // Cem[100] _

1

er[111] // Cem[010]
Fig. 1. Schematic demonstration of the four different agtimi models. Model | and Ill have

continuous layer of cementite, while Model 11 and Have non-continuous cementite layer. The

9/42



carbon concentration in ferrite in Model Il and 1% about 0.37 at. %. The ferrite layer above
cementite has pre-existing dislocations. Greeneasucorrespond to dislocations. Blue particles
represent carbon atoms.

MD simulations are performed with the package Laagae Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [31]. The attstic interaction is modeled
by the modified embedded-atom method (MEAM) [32]ickhpredicts more reliable
lattice parameters and energetics over the embeatded method (EAM) [33]
although the former is more expensive. Table 1 shtle lattice constants and
interfacial energy calculated by the MEAM potentiat cementite and ferrite. The
calculated values of the lattice constants of lgithses are in good agreement with
experimental data [28] and that of other calcufeif29].

In order to generate dislocation in ferrite, wetficonstructed a bulk ferrite with
perfect lattice of approximately one million atomsa slab of dimensions a&f X L,

X L,=41.1 X 16.8 X 18.2 nm. Periodic boundary condition was applied in each
direction. Energy minimization was performed by ngsithe conjugate gradient
algorithm, followed by a thorough relaxation of tteess tensor. Simulated structure
was then thermally equilibrated for 200 ps at 30@ril loaded along x-axis to the
tensile strain ofe = 0.30 after yielding, with a prototypical MD strain rasé 10 s™.
After that, the ferrite was compressed along x-axisthe stress condition of
o0, =0.00 GPa under the same strain rate. The ferrite madtél dislocation was
then thermally equilibrated again for 80 ps at BO®inally, the dislocated ferrite was
cooled to 0.2 K within 80 ps. The generated digiocadensity in ferrite is about

10/ 42



4.63x 10° m? The isothermal stress relaxation in this work vemhieved by
Nosé-Hoover thermostat [34, 35], and the stressoterwas controlled by a
Parrinello-Rahman technique [36] withinlN#T ensemble, wherbl, P andT denote
number of atoms, pressure and temperature, regekcti For the carbon
concentration, atom probe tomography (APT) stughesbing perpendicular to the
drawing axis found that carbon concentration iriteeris ¢. =0.25 at. % (0.054
wt. %) when a wire is drawn to a true strain magigt of £ = 2.0; c. =0.6 at. %
(0.13 wt. %) for the case ok =3.47, £=5.0, corroborating saturation of
cementite dissolution [37, 38]. Considering botle #xperimental results and the
modeling convenience, the addition of carbon ataiis concentration ofc. =0.37
at. % was applied for the present models. The manplositions of carbon atoms was
constructed by the software PACKMOL [39].

In the tensile test along x-axis, a three-dimerdi@eriodic boundary condition
was applied and the MD timestep was chosen as &ffist setup of the atomistic
models (as shown in Fig. 1), energy minimizatiors \warformed at O K by using the
conjugate gradient algorithm to relax the interfatress, followed by the relaxation
of the stress tensor of the whole interface mo@leé models were then thermally
equilibrated for 200 ps at 300 K. Uniaxial tendd@ading was performed along the
ferrite [L110] direction (axisLy) with a constant strain rate of21€", while the stress
along the ferrite[111] direction (axis,) was relaxed to stress-free condition and the
dimension ofL, was kept unchanged to maintain the vacuum laylee Joftware
OVITO [40] was used to visualize the defects in theerface models. We use
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dislocation extraction algorithm (DXA) [41] to regoize dislocations and their

characteristics.

3. Experimental results
3.1 Tensile test

Engineering stress-strain curves for the wiragealed at different annealing
temperature for 10 min are shown in Fig. 2a, togiethith the curve for the initial
drawn wire. The mechanical properties are deterthineusing a standardized tensile
test method and results are given in Figs. 2b aridche strength (especially the yield
stress) is enhanced significantly when annealingl#C and then decreases
gradually with the rise of temperature. Compareth the as-drawn wires, the tensile
strength is improved when the treatment temperatses up to 32%. The variation
of wire ductility roughly shows an opposite tremddontrast to the strength, i.e. the
stronger wire has a smaller elongation, comparati¢as-drawn state. However, an
exceptional but interesting point comes out whenwiires are treated at 325 The
ductility of the wires is much larger than thattbé initial wires, but contrary to what

one might suppose, the strength is not cut dowrslightly increased instead.
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Fig. 2. (a) Engineering tensile stress—strain curves ofaeealed wires at different annealing
temperatures for 10 min. (b) Ultimate tensile sremd 0.2% vyield stress vs. annealing
temperature. 0.2% Yield stress. (c) Influence ofemting temperature on the elongation to failure
derived from stress-strain curves shown in (a).

Fig. 3 gives the engineering stress-strain cunaesttie wires under different
annealing time at 326. Similar to the results in Fig. 2, strengths of thires are
improved firstly and then decreases with increadirgatment time. Inspiringly,
greatly enhanced ductility of the wires can holdddong time (from about 2 min to
30 min) without losing their strengths. When anadat 323° for 30 min, the total
elongation is almost increased up to three timethasof the as-drawn wire. This
phenomenon is intriguing for making both strong duodtile pearlitic steel wires, as

the heat treatment technique adopted here is ratisgrto operate.

2000 A
< 1600
a
=
=~
%
@ 1200
o
® as-drawn
&y annealing time, 0.5min
5 800t - _ -annealing time, 2min=~ -
% annealing time, 10min
%ﬁ annealing time, 30min
= 400 annealing time, 60min

0 — — i

—T— T — r
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Engineering strain

Fig. 3. Engineering tensile stress—strain curves of theealed wires under different annealing

time at 325C.
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3.2. TEM and SEM observations

Fig. 4 illustrates the pearlite lamellae at masta of wires before annealing,
where the lamella direction is along with the waes. The average interlamellar
spacing is about 60 nm and the thickness of theenéta layer is about 6 nm. As the
wires undergo severe plastic deformation during din@wing process, plenty of

dislocations have accumulated in the ferrite layers

Fig. 4. Microstructure of the as-drawn steel wire obsefyedEM.

The microstructures of wires with different aaliegy temperatures are given in
Fig. 5. The annealed wire under 250for 10 min shows similar TEM microscopic
images with the as-drawn state. The cementite lamehostly keep integrated and
dislocations still remain in many regions of fegriNo spherical cementite is found in
wire material at this state. When the temperatisesrup to 32%, cementite particles
have come out along cementite layers and theirisipgst about several nanometers
(less than the thickness of the remained cemeniitger). Subsequently
recrystallization grains of cementite grow up toydsed 10 nm with annealing
temperature reaching 400 (Figs. 5¢) and the cementite layers begin to be

discontinuous and fragmented. In the wires trea€d475C, many spherical
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cementite grains scatter over the inner material @@mentite layers have almost
disappeared. A selected cementite grain is showfign6a and the grain size of the
spheroidized cementite has been close to ~100 rimsainoment. Stacking faults are
observed within the grain, which are probably iiteer from the cementite that
remained after cold drawing [42]. HRTEM image o€ thementite grain and the
corresponding selected area diffraction (SAD) patt@ong [001l)em zOne axis is

given in Fig. 6b, which shows a regul&e, C crystalline structure according to the

discussion in [43].

Fig. 5. TEM images showing microstructures of wires aftamealing for 30 min at (a) 250, (b)

325C, (c) 400C, and (d) 478C. The appearance of the nanoscale spheroidized ntiéene

particles are indicated by arrows in (b).
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000 . 220

[001] cem _ = ”

Fig. 6. (&) TEM observation of a nanoscale recrystallizethentite grain in a wire annealed at
475C for 30 min; (b) HRTEM image of the marked block () and the corresponding SAD
pattern.

Fig. 7 shows SEM micrographs of the fracturdasigs of the wires annealed at
different temperature for 10 min. All wires exhilsiearly necking and cup-and-cone
fracture surfaces. For as-drawn and 23@min annealing wires, there are visible
cracks in the low-revolution views. These cracks ba generated where local stress
concentrates, namely at ferrite-cementite boundaaed lead to a relatively lower
elongation for wires. When temperature rises u26C, distinct crack disappears
and the fracture surface mostly shows a dimplecgtra. This may be due to the
weakening of ferrite-cementite boundaries, singe tcrystallization of cementite
starts to appear along the cementite layers (K. Bherefore wires annealed at 400
10 min shows the best ductility as the cementijens are totally fragmented into
pieces (Fig. 5c). For higher annealing temperatdv&C), micro-cracks reappear at
the wire fracture surface accompanying the drothefelongation. As the cementite
grains grow up (Fig. 5d), dislocations seem to gtirthe boundary of spheroidized

cementite, leading to local stress concentratiahtha initiation of cracks.
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As—drawn

250°C

325°C

400°C

475°C

Fig. 7. SEM micrographs of the fracture surfaces of theesviannealed at differeannealing
temperature for 10 min

Fig. 8 shows the internal morphology of wires und#éferent annealing time at
325C. Fig. 8a gives another photograph of wire treae®25C for 10 min. The
initial recrystallized cementite particles can beady observed, whose size is just

about several nanometers and less than the thigkridhe remained cementite layer.
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As being annealed for 30 min (Fig. 8b), the graihthe spherical cementite becomes
a little bigger (~10 nm). When the annealing tinses up to 60 min (Fig. 8c), the size
of cementite has reached tens of nanometers angréivéous cementite layers have

become disconnected.

Fig. 8. Microstructures of wires after annealing at 85or (a) 10 min, (b) 30 min, (c) 60 min,

observed by TEM. Globular cementite grains are edhiky arrows.

3.3. XRD analyses

Fig. 9a shows the XRD patterns of the as-drama fzeat-treated steel wires and
the truncated strong (110) diffraction peak of fiagite and the positions of the weak
reflections corresponding to the cementite are shiomFig. 9b. Most cementite peaks

of the as-drawn specimen hardly can be seen dubet@wementite decomposition
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during the severe plastic deformation of the calalath process. Some of the
cementite peaks start to appear when the specsriegai-treated at 325 for 10 min,

which is consistent with the nano-particles of ystallized cementite in Figs. 5b and
8a. As the temperature rises, the cementite peak®are and more distinct, implying

the grow-up of cementite grains.

(@) 200k
(110) as-drawn
180k —— 175°C10min
] ——250°C 10min
- 200 211
160k - (200 @11 325C10min
140k - —400°C 10min
1 —— 475°C10min
120k
. ] (220) (310)
E 100k J A N
e
= 80k A
60k J\ A
40k Jk A
20k ﬁ A
0 ] A AN
I T I T T T T T T
40 60 80 100 120

26(°)
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(b) 130k

|
\
I
° ° [ ] ‘ L ]
120k 475°C 10min
- = dm-’v»-
;f‘ WWMMW 400°C 10min
=
o 110k
R=
325°C10min
100k 250°C 10min
As-drawn
90k T T T T T T T T T T T T T T T
36 38 40 42 44 46 48 50 52
20 (°)

Fig. 9. (a) XRD patterns of the longitudinal cross-sectiohghe as-drawn specimen and wires
heat-treated at different temperatures for 10 fipTruncated strong (110) diffraction peak of the
ferrite and diffraction peaks denoted by filleddiaircles are from cementite phase.

Fig. 10a gives the modified Williamson-Hall otor the diffraction profiles
measured in the as-drawn wires and wires treat8@=E 10min and 47%10min. It
can be seen that the slopes of the modified WiliamHall plots decrease with
increasing annealing temperature, which indicatdeerease of dislocation density
upon annealing. Fig. 10b gives dislocation resodtthe heat-treated wires. It can be
seen that the dislocation density of the as-draire veaches the order of fam?
The dislocation density of the heat-treated wiresréases slightly when temperature
is less than or equal to 325 and the annihilation of dislocation acceleratessinictly
with higher temperature. Overall the recovery oslattation happens and the
dislocation strengthening to pearlitic wires isueeld during the annealing process.

The variation tendency of the dislocation density get is consistent with the results
21/42



in [26, 27].

(a) o0

m  As-drawn
0.08 - ® 3257 10min
A .47500 10min

AK (nm")

0.00 —_—

(b)

C 3% N NN SRR SRV N U SNV NN N SOV

25 T

20 N

Dislocation density (x10""m™)
|

. ; . , . ; . , ;
0 100 200 300 400 500
Annealing temperature ('C)

Fig. 10. (a) The modified Wiliamson-Hall plots for wiresetted at different annealing

temperature; (b) Dislocation density obtained frowdified Williamson-Hall method.

4. Discussion
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4.1. Srength and ductility mechanism of pearlitic wires

As is well-known, pearlitic steel wires get thhigh strength through the severe
cold-drawn process [4]. Three mechanisms contrilguto the wire strength have
been proposed [7, 8]: boundary strengthenitig (the strengthening by grain
boundaries is replaced by strengthening due to wgt@elamellae), dislocation
strengtheningo,, and solid solution hardening . Boundary strengthening obeys
the classical Hall-Petch relation
a, =k(&)(24)™* 3)
where 1 is the average thickness of the ferrite layers &fd) is a strain
dependent parameter. Dislocation strengtheningpmsidered on the assumption of
forest or Taylor strengthening and related to thgh hdislocation density generated
from the severe plastic cold-drawn deformation
g,=Mab|p (4)
where M is the orientation factor@r is a constant,i is the shear modulus of
ferrite, b is the Burgers vector ang is the dislocation density in the ferrite layer.
Solid solution hardening is resulted to the carboncentration in the ferrite lamellae
as cementite decomposition has been proved tgobevalent phenomenon during the
cold-drawn process.

So the strength of the wires can be expressed as
o(e)=0,to,+0,+0g

()
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where o (¢) is the flow stress at a given drawing strain amg is the friction
stress of the pure ferrite. Among the three medmasj the boundary strengthening is
considered to be the dominant one contributindpéowire strength [4].

When being annealed at low temperatures ‘(A17&nd 250C), the strengths of
wires are higher than that of the as-drawn specirilemvever, there is not a distinct
difference between the microstructures of the treated and as-drawn samples under
TEM observation. The pearlite lamella still keeptegrated and no recrystallization
of cementite is seen along the cementite layexg @4). This indicates that the effect
of boundary strengthening is mainly unchanged. & same time, the effect of
dislocation strengthening cannot be enhanced shecélislocation density is slightly
reduced. So the increasing of the wire strengtht mposbably results from the solid
solution hardening function. It is found through BB technique that cementite in
pearlitic steel wires may decompose under low teatpee annealing [11, 44].
During the cold-drawn process, the cementite lager dissolve into fragmentation or
even turn to amorphization by dislocationigtting cementite and dragging carbon
along the ferrite-cementite interfaces [21, 45].aNhhe wires are heated, the partly
dissolved cementite lose their stability and theboa atoms can be attracted by the
dislocations in the ferrite layers, since the bigdenergy of carbon to dislocations is
greater than that to cementite [46]. The decompasedon atoms in ferrite can pin
the dislocations and restrain their movement, whézgds to the rapid increasing of
the yield stresses of wires annealed at@7%D simulation results in Section 4.2 has
proved this solid solution hardening mechanism lopnsidering the interaction
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between dislocations and carbon atoms. Meanwhils, well known that the plastic
deformation of metal is mostly involved with the mpbology of dislocation. Since
dislocations in ferrite have been locked by carbtoms, a lower ductility for wires
annealed at low temperatures (175and 25CC) is reasonable.

As the annealing temperature rises to ‘@2%he ductility of wires is improved
significantly compared with the as-drawn speciméif®e cementite recrystallization
starts to appear in the cementite layers of thesnat 328 for 10 min (Figs. 5b and
8a). Fig. 11b gives a HRTEM image of a selectedoregn Fig. 11a, including a
section of cementite lamella and a cementite nacoystallization grain. From the
FFT images of the selected area in Fig. 11b, tbation near the cementite nanograin
along the cementite lamella shows the same ladtiteture with the adjacent ferrite.
It seems that as carbon atoms in some places oértém layers are attracted to
participate in the spheroidization of cementiteg thitial cementite lamellae nearby
have transformed into ferrite due to the lack afboa atoms. This means the two
separated neighboring ferrite layers become intereoted now, which leads to a
bigger free path of dislocations that allow distbma penetration and a higher
ductility of the wires consequently. Meanwhile, thaconnected cementite layers
weaken the restriction to dislocations, so that hbendary strengthening effect is

reduced and the strengths of wires begin to deergiaiually.
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Fig. 11. (a) TEM observation of pearlite lamellae in a wénrenealed at 326 for 10 min. (b)
HRTEM image of the marked area in (a), includingeanentite nano-recrystallization grain
labeled as block ‘3'. (c-e) FFT patterns of the kedrblocks ‘1’, ‘2" and ‘3’ in (b), respectively.
When the temperature goes up to 20Qhe cementite lamellae have turned into
pieces with a greater extent (Fig. 5c¢), so thengtie of wire decreases and ductility
increases continuously. The recovery of dislocatiom ferrite begins to weaken
dislocation strengthening. Also, carbon atoms amtig@pating in the recrystallization
process, so the concentration of carbon in fealt® reduces, which releases the
locking of dislocations in ferrite and the decrea$ecarbon in ferrite enhances the
ductility of wires. However, the samples under Z75eversely have a lower ductility
than those in 328 and 400C. This may be due to the grain and sub-grain
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boundaries generated with the coarsening of feeiteé cementite grains (Fig. 5d),
which restrain the movement of dislocations. Theevatrength drops concomitantly

with the growth of cementite and ferrite grains.

4.2 Atomistic insights into strength and plasticity
Interfacial energy was calculated on the Bagaryatsientation relationship to
ensure the robustness of the simulations resulfts.ifiterfacial energy of the system

was calculated following the equation [29] :

— Bt = Egcc ™ EF% c
L, Ly

Eine “Tecc ~Vrgc (6)

whereLyandLy are the dimensions of the interface alarandy directions, andyg.

and yg, . are the surface energies of ferrite and cemepéiteunit area in the normal
dimensions. E,,, Es.c and E . are the total energy of ferrite/cementite system,
the bulk energies of bcc Fe andsEecrystal, respectivelyTo make results more
accurate, we use multiple interatomic potentiaistfee Fe-C system. We predict a
series of interfacial energy by using the MEAM, Saf [47] and EAM [33]
potentials, which are in good agreement with thaispredicted by Guziewski et al.

[29], as shown in Table 1.
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Table 1
Comparison of the lattice constants and interfaei@rgy of cementite and ferrite by using

different potentials with experimental data and tifaother calculations.

MEAM Tersoff EAM Experimental [28]
This work Ref.[29] This work  Ref.[29] This work  Ref.[29]
Cementite a(A) 4.47 4.47 4.48 4.47 4.84 4.84 4.52
b (A) 5.09 5.09 4.96 5.07 4.41 4.41 5.08
c (A 6.67 6.67 6.47 6.45 6.50 6.66 6.73
Ferrite a (A) 2.85 2.85 2.89 2.86 2.86 2.87 72.8
Interfacial energy  (J/f) 1.01 1.12 0.99 1.03 1.44 1.47 -

The strength and ductility of Fe-C structure shodépend on the interaction
between dislocation and interface, as well as cadtom distribution in ferrite. In
order to explore the interaction between dislocatiaod the ferrite/cementite interface,
nanoscale continuous cementite and non-continuoamewtite layers were
constructed, as shown in Fig. 1. Besides, predegistislocations were introduced to
the top ferrite layers by loading and unloadinghteque, while the ferrite layer at
bottom had no defects before loading (Fig. 1 Mddahd Il). The decomposition of
cementite leads to transfer of carbon atoms fromecgite to ferrite. The addition of
carbon diffuses into the bcc Fe lattice in the ciol of the two nearest neighbor Fe
atoms around the carbon interstitial. Lattice disto increases the resistance to
dislocation, making slip difficult to perform. THerrite inserted with carbon atoms
randomly was constructed to investigate the intevacbetween carbon atoms and
dislocations (Fig. 1 Model Ill and V).

The solid solution effect of carbon atom can imgréle strength of the pearlite
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steel by blocking the motion of dislocation. Figaland b show the stress-strain
curves of the four different models, and Fig. 1Bows the calculated flow stresses of
each model under uniaxial tensile loading. The flstress was determined after
yielding statistically. With strain increasing, aturves share a common feature,
namely stress drops after peak stress, which qrels to the dislocation nucleation
from the interface. However, the dislocation nutitea behavior is out of our
discussion in the present work. Here we concentratthe behavior of dislocation in
the four structures after yielding. The models witrbon atoms in ferrite have a
higher flow stress compared with those of modekhavit carbon atoms in ferrite (as
illustrated in Fig. 12c). Besides, Fig. 13 shows thteraction between dislocations
and carbon atoms during plastic flow. Carbon atdatated on dislocations are
observed, which illustrated carbon atoms can btbekmovement of dislocation and
the material has a higher strength. This is expedte be the solid solution
strengthening mechanism why strength is increased annealing. Furthermore,
dislocations are observed to be more difficultgeead in Model 1l or IV than that of
Model | or Il in supplemental videos along the sstagis of Fig. 14. Interestingly, the
models with carbon atoms in ferrite layer have welo peak stress than those of
models without carbon atoms in ferrite layer in.Higa and b. This suggests that new
dislocations are easier to nucleate in pearliteh viidrrite inserted carbon atoms,
namely defects like carbon atoms in ferrite layesynpromote the formation of

dislocations since point defect reduces the nuciedtarriers.
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Fig. 12. The stress-strain curves and the calculated flow stees$ four different models under

uniaxial tensile loading. (a) The stress-strainvesr of the continuous cementite and the
continuous cementite with carbon atoms. (b) Thesststrain curves of the non-continuous
cementite and the non-continuous cementite witharaatoms. (c) The calculated flow stresses of

the four models.

Fig. 13. MD snapshots showing the interaction between chdglons and carbon atoms during
plastic flow. (a) and (b) Mobile dislocations atedked by the carbon atoms. Yellow arrows point
to the positions where dislocation fragments anagd by carbon atoms. (c) A dislocation loop is
pinned by carbon atoms. The dislocations linesamacted by the DXA algorithm. Red, blue and
colors between denote screw, edge, and mixed distos, respectively. Purple arrows show the

Burgers vectors. For a clear vision, all the Femstdhave been removed and the diameter of
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carbon atoms have been enlarged for three timedteVmd blue balls correspond to the
interstitial and substitutional carbon atoms in BEE

The above discussion has demonstrated that cartmmsacan increase the
strength, and we now discuss that the non-contisiummmentite layer can increase
ductility of pearlite steel. As we know, ferrite daictile, while cementite is brittle.
Spheroidization of cementite leads to non-contisuoementite layers and provides
the material with a continuous ferrite matrix, aheé material shows more ductility.
Fig. 14 shows the snapshots and the associatestaligin configurations by DXA
analysis. According to the snapshots of the contisucementite in Figs. 14a and c,
the dislocations were restricted inside ferrite @adnot pass through the cementite
into neighboring pure ferrite (without dislocatignsOnly newly nucleated
dislocations were observed after yielding. It isbattle mechanism since the
dislocations may be piled up at the interface asdd$ to subsequent stress
concentration on the interface. On the contrarg, dhapshots of the non-continuous
cementite models (as shown in Figs. 14b, d) shat tiie exiting dislocations are
easy to spread from discontinuities of cementite jpure ferrite. This means that
non-continuous cementite structure contributeshtodpread of dislocations and the

material behaves more ductile.
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Fig. 14. The snapshots and the associated dislocation patterDX4 of the four different
configurations. From up to bottom, (a), (b), (a)ddd) refer to Model I, Model I, Model Ill, and
Model IV, respectively. From left to right, the gshots at different strain and rendered of each
configuration by using the DXA analysis tool in O\D. Perfect Fe atoms are not shown in the
shapshots for clarity. Green and pink lines arerrefl to 1/2 <111> and <100> dislocations,

respectively. Gray spots, top gray slab and midddy slab represent carbon atoms, vacuum and

cementite, respectively.

5. Transfor mation of carbon state

Fig. 15 gives a sketch of microstructures of thel@svn wires and the annealed
wires treated at 326 for 10 min, which have a greatly improved dudfiltithout
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losing their strengths. In the as-drawn state,wilves keep the lamellae structure. A
few cementite layers have broken due to the decsitipo of cementite and the
carbon atoms from the decomposed cementite haveatady into the ferrite. In
contrast, the cementite layers of the annealedswha/e become disconnected and
been separated by the recrystallized cementiteclest(Fig. 11). Meanwhile the
concentration of carbon in ferrite increases dudegilcomposition of cementite during
the low temperature annealing. As aforementionkd, @nhanced solid solution by
carbon atoms in ferrite holds the strength of theesvand the improvement of the
ductility of wires is from the connecting of adjatderrite layers, which releases
dislocation pileup on the interface and makes tkialaension of the pearlitic

lamellae much easier.

—_— M

(a) (b)

Cementite Ferrlte Carbon atom Spheroidized

cementite
\ I 4
| ‘
| {
I

Fig. 15. Schematic diagram showing the microstructure ofesviwith (a) no annealing, (b)

n €—
mn €—

annealing at 3Z& for 10 min.
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The microstructure and mechanical property afesviare greatly related to the
state of carbon atoms. Generally carbons in peaslites mainly exist in three forms:
the partly dissociated cementite lamella, segrepatalislocations in ferrite via solid
solution and the spheroidized grains of recrystatli cementite. APT results have
proved the cementite dissolution upon cold drawang the carbon concentrate in
cementite lamellae is lower than 25 at.% (6.7 wip}he strict 6 - Fe;C crystals [5,
21, 48]. It is concluded that cementite should égarded as an interstitial phase
Fe,C_, with a wide homogeneity rangg =0- 0.5 [49, 50]. Some other reports
of cementite deviating from the perfedte;C composition do exist, such as
X =0.003- 0.00¢ [51], x=0.02 [52], or reach up tox=0.25 [53]. For
cold-drawn pearlitic wires, the smaller interlaraelspacing seems to result in higher
decomposition of cementite (i.e. the lower carbontent in cementite layers) [5, 54,
55]. Also, as aforementioned, the cementite lanteltas to fragment into multi-grain
structure [44, 56], or further turn to amorphizatifb7, 58] with the increasing of
drawing strain. So the partly dissociated cemerlaiger becomes unstable when
temperature is applied on it.

When annealed at a low temperature (175€32i% this paper), the cementite
dissociation continues and carbon atoms partialigrate into ferrite layers to
enhance the solid solution effect. As a resulgrgth of wires is improved but the
ductility is decreased. On the other hand, the ceiteerecrystallization starts to
appear along the initial cementite lamella when témperature rise up to 325

which forms perfectFe;C grains and the nearby sections are lack of cagbuh
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could translate into ferrite bcc lattices (Fig..189) one have

Fe,C_, (lamella) — Fe ( particle)+a -F
Then the initial separated ferrite layers can heneated by the newly formed -Fe
and the ductility of wires is increased rapidly lehthe wire strength is reduced. With
higher temperature, the coarsening of ferrite amdantite grains and the annihilation
of dislocations enhance this variation of wire needhal properties. In summary,
annealing at 32& for 10-30 min is a balanced condition that caratiyeimprove the
wire ductility without losing its strength. FrometfTEM observation in Figs. 8a and b,
the size of spheroidized cementite particles may logitical condition to reach the
status, i.e. the cementite recrystallization graheuld be controlled within several
nanometers, not more than the thickness of the cttmdéayer.

Not all the cold-drawn wires can obtain a coasably improved ductility without
losing their strengths through annealing. It sedmas the drawing extent before heat
treatment may play an important role. The wirehwitawing strains of 6 [42] and 5
[15] can keep their strengths until the annealieipperature is beyond 1%0 and
200°C, respectively. No obvious improvement of strengghfound during their
annealing while the strength enhancing begin teapwhen the drawing strain drops
to 4.63 [11]. The temperature under which the gfiterfalls to below that of the
as-drawn state exceeds 400°C for wires drawn tdl B {59, 60]. We can conclude
that the wire capacity to keep its strength dropth whe larger drawing strain and
strength improvement could disappear when therstr@aches a relatively severe
extent. This may be due to thaturation of carbon in ferrite with highly dissateid
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cementite lamellae in heavily drawn wires [21, 6dhich makes the further solid
solution upon annealing improbable for ferrite [8p a moderately drawn wire may
be preferable to achieve a balance of strengttdantility, otherwise the strength will

be reduced even though the ductility is improved.

At last, the mechanism of cementite decompasisaliscussed. Many researchers
attribute it to the effect of dislocations [21, 4Ben though whether dislocations cut
cementite and drag carbon out or dislocations émtatear the ferrite-cementite
interfaces attract carbon is not clear [4]. An astim simulation which calculates the
energetic profile of carbon binding and migratioowand a screw dislocation in bcc
iron supports the dislocation drag concept by whiabbile dislocations can collect
and transport carbon within their cores from thenestite into the adjacent ferrite
phase [20]. In this paper, the cementite lamellaeléduced to decompose at low
temperature annealing, which coincides with the A€SUlts in Ref. [11]. Though it is
found that cementite decomposition proceeds duaiigg after drawing, not during
the drawing process [11, 62], dislocations stilypln important part in our opinion.
On the one hand, high density of dislocations ateoduced in ferrite by heavy
drawing and the binding energy of carbon to didiocas is greater than that to
cementite [46]. On the other hand, dislocationsnipig at the ferrite/cementite
interfaces enhance the instability of cementitedenby making it polycrystalline or
amorphous [45]. So the active carbon atoms canttsaceed to the dislocation
locations during low temperature aging. As the atiation density of wires drops
during annealing, the dislocation drag mechanisrg beanot prevailing. In contrast,
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the pipe diffusion mechanism may be dominant. Tikalislocations located in the
ferrite/cementite interfaces act as acceleratetspéte., pipes) for carbon diffusion
from cementite to the trap sites in ferrite [63heTpaths (dislocations) are introduced
during the cold drawn process, but it still needsugh time and energy for the
carbons to migrate from cementite lamellae intoiteer So the carbon concentration
in cementite is still larger than 20 at.% afterevirawing [11], since minimal heating
occurs during their wet slow drawing and wires stared at 243 K to prevent room
temperature (RT) aging. When temperature rises,ctrbon diffusion process is
accelerated and thereupon cementite decomposiippems, like the results in [11,

62] and this paper.

6. Conclusions
The tensile properties and microstructure ofrlgeasteel wire under different
annealing conditions are studied in this work. Whamnealed at appropriate
temperature and time (3Z5or about 10-30 min), we get the enhanced wire @ityp
i.e. the ductility of wire is almost tripled withbucompromising strength. The
strengthening and plasticity mechanisms with retato the transformation of carbon
state are examined in details. Accordingly, théofeing conclusions can be drawn:
(1) Under relatively low temperature{325C), wires can hold their strength through
solid solution of carbon atoms from decomposed ceitee lamellae which
generates during the cold-drawn process. The hpaiperation may provide
enough energy to make carbons migrate from theablestdissociated cementite
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layers to dislocations in ferrite grains.

(2) When annealed at medium and higher temperatar826C), recrystallization
cementite grains begin to appear and continuousbyvgup along the initial
cementite layers. The improvement of wire ductilgyobtained since cementite
recrystallization leads to fragmenting or disappeniof the cementite lamellae
which decreases the restriction to the moving sfodationsCorrespondingly the
wire strength decreases with the growth of cemeatiid ferrite grains.

(3) The appearance of nano-recrystallized cementitegi@10 nm) at a medium
temperature may be the appropriate condition tcegbainced wire property. For
wires heat-treated at 3Z5 for 10-30 min in this paper, the solid solution
strengthening effect still remains and meanwhile tieakening of cementite
layers due to cementite recrystallization has ethtd improve the wire plasticity.
Thus a balance of wire strength and ductility reegiicarefully control of the

annealing condition.
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