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Abstract

High-resolution transmission electron microscopy is used to investigate the deformation behaviors of cementite lamellae
in the heavily cold-drawn piano wires. Three distinct morphologies of cementite are observed, namely, complete lamella,
partly-broken lamella and nearly-disappeared lamella. For the complete cementite lamella, it remains a single-crystalline
structure. For the partly-broken cementite lamella, polycrystalline structure and neck-down region appear to release the
residual strain. The lattice expansion of ferrite takes place in two perpendicular directions indicating that the carbon atoms
dissolve from cementite into ferrite lattices. An orientation relationship is found between ferrite and cementite phases in the

cold-drawn pearlitic wire.

Keywords High-resolution transmission electron microscopy - Microstructure - Deformation - Cementite dissolution -

Orientation relationship

1 Introduction

Heavily cold-drawn eutectoid pearlitic wires have been
widely used in engineering such as springs, tyres and sus-
pension bridge cables [1-4] because of their extremely high
tensile strength (the maximum is up to 7 GPa [5]). It has
been demonstrated that pearlite has a well-defined lamel-
lar structure with cementite and ferrite phases alternately
arranged after a cold-drawing process [6—8]. Substantially,
ferrite in pearlite, the matrix phase, has excellent plasticity,
and cementite in pearlite, the strengthening phase known
as a brittle phase, is critical for the strengthening of the
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cold-drawn wires. The performance of pearlitic wires is
closely related to the microstructure of two components,
such as phase morphology (lamellae or particle), distribu-
tion (alternative-layer distribution or grain boundary dis-
tribution), size (lamellar spacing, particle size) and so on.
A number of orientation relationships are found between
the ferrite and cementite lamellae before drawing, while
only three, namely, Bagaryatsky [9], Isaichev [10] and
Pitsch—Petch [11] orientation relationships, are consistently
reported in the literature. However, few investigations focus
on the orientation relationship between ferrite and cementite
after drawing. Thus, it is important to clarify the orientation
relationship between ferrite and cementite in the cold-drawn
pearlite.

More recently, the plastic deformation and dissolution of
cementite in the cold-drawn pearlitic wires have received
considerable attention. During the cold-drawing process,
the ultrafine cementite lamellae display remarkable plas-
ticity, in which some slip systems are proposed [12—14].
The pearlite lamellae are mainly subjected to tensile stress
parallel to the drawing direction and the compressive stress
normal to the drawing direction [15]. The lamellar spac-
ing of cementite decreases progressively and the lamellar
direction is gradually re-aligned along the drawing direc-
tion. Based on the Hall-Petch relationship, the strength of
the cold-drawn wire is related with the lamellar spacing [2].
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It has been confirmed that the cementite phase undergoes a
dissolution process in which carbon atoms dissolve into the
ferrite phase [7, 16—-19]. When the drawing strain is less than
a critical value, the solubility of carbon atom increases with
the drawing strain, and it is no longer affected by the draw-
ing strain when it reaches the critical value [7]. However, no
special effort has been devoted to investigate the dissolution
of cementite in a heavily cold-drawn state. A comprehensive
understanding is still lacking for the plastic deformation and
dissolution of cementite phase.

In this paper, the microstructure evolution of pearlite
lamellae in heavily cold-drawn piano wires is investigated
using transmission electron microscopy (TEM). Based on
the microstructure analysis of cementite after the cold draw-
ing, the dissolution mechanism of cementite is revealed. In
addition, one new orientation relationship is found between
cementite and ferrite phases.

2 Experimental

The piano wire in this study was produced according to
Japanese Standard JIS G 3522. Its chemical composition
is Fe—0.83C—-0.45Mn-0.22Si-0.15Cu-0.02P-0.02S (wt%).
The initial rod diameter is 4 mm, and the final diameter is
reduced to 1.2 mm after the cold-drawing process. The total
section area reduction is 91%. The strain € of a cold-drawn
wire is expressed using the following equation [2],

e = 2In(Dy/D) M

where D, and D refer to the diameter of the initial wire and
the cold-drawn wire, respectively. The strain € is calculated
to be 2.4 in this study.

The microstructure of the piano wire was characterized
by TEM. The specimens were prepared in a longitudinal sec-
tional direction using conventional techniques of mechanical
polishing and ion thinning. The ion milling was performed
using a Gatan Model 691 precision ion polishing system

(PIPS, Pleasanton, CA) at a low voltage, equipped with
a cooling stage. The bright field (BF) imaging, selected-
area electron diffraction (SAED) and high-resolution TEM
(HRTEM) examinations were carried out using a JEOL
JEM 2100F TEM operating at 200 kV. Before obtaining
the HRTEM images for the piano wire, we carried out the
calibration of TEM magnification using HRTEM images of
single-crystalline gold film. The calibration procedure can
be found in the Supplementary Information.

3 Results and Discussion

Figure la shows a typical BF TEM image of the speci-
men obtained at a low magnification. The pearlite lamellae
(labeled by white arrows) are re-aligned along the draw-
ing direction and keep a fine fibrous structure. To explore
the detailed microstructure of the ferrite and cementite in
pearlite, a high-magnification BF TEM image is shown in
Fig. 1b. It can be clearly seen that wide and thin lamellae
are alternately arranged, which correspond to ferrite labeled
by F1, F2, ... F11 and cementite indicated by white arrows,
respectively. In addition, the interface between cementite
and ferrite is obvious. The ferrite lamellae in the upper-right
region are darker than those in the lower-left region, which
is caused by diffraction contrast. Both cementite and ferrite
lamellae become re-aligned nearly parallel to the drawing
direction and consistently hold alternate fibrous structure
with a few breakages. The average widths of ferrite and
cementite lamellae are 135 and 14 nm, respectively. The
width ratio of ferrite and cementite lamellae is about 9.6:1,
which is larger than that before the drawing (9:1) [14]. It
is indicated that both cementite and ferrite phases in the
piano wire show excellent plastic deformation performance.
In addition, it can be found that the cementite stripes among
F4 and F11 in Fig. 1b are completely preserved and regu-
larly arranged. However, the stripe between F3 and F4 is not
continuous and breaks in some areas, suggesting that the

Fig. 1 Typical BF TEM images of the cold-drawn piano wire at a low magnification (a) and at a high magnification (b)
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strain leads to the fragmentation of some cementite lamellae
during the cold-drawing process. Moreover, the cementite
stripes on F2 boundaries are partly broken and partly narrow
down to a line. To clearly show the boundary, two red arrows
label the trace of a cementite stripe in F2, which has nearly
disappeared. Hence, it is reasonable to classify the cementite
lamellae into three different morphologies after the heavy
cold-drawing, complete lamellae, partly-broken lamellae and
nearly-disappeared lamellae.

To clarify the microstructure of cementite in the heav-
ily cold-drawn piano wire, extensive HRTEM examina-
tions were carried out. Figure 2a displays a [113] zone-axis
HRTEM image of a complete cementite lamella taken from
region A in Fig. 1b. The cementite lamella (labeled by Cem)
is located between two ferrite lamellae (labeled by F5 and
F6), separated by two dashed lines. The cementite lamella
maintains its initial profile along the drawing direction, and
the average width of this cementite lamella is measured to
be 26.5 +0.1 nm, which is larger than usual width (10 nm)
of cementite. This could result from the uneven distribution
of drawing strain in the piano wire. In Fig. 2a, the atomic
sequences of ferrite are unclear because it does not strictly
conform to the Bragg diffraction condition. Both cementite
and ferrite phases, although partially narrowing-down, hold
complete continuity at the interface in the cold-drawing pro-
cess. Figure 2b shows a typical SAED pattern taken from the
interface region between cementite and ferrite. The diffrac-
tion spots are not circular but elongated, indicating that they
belong to two phases, which can be indexed to [113] zone-
axis of cementite and [111] zone-axis of ferrite. The sharp
diffraction spots demonstrate that both cementite and ferrite
lamellae remain single-crystalline structures after the cold-
drawing process. From the above analysis, it is concluded
that the wide cementite lamellae have excellent plasticity
and still hold a complete structure during the cold-drawing
process.

Figure 3a, b show HRTEM images of the partly-broken
cementite lamellar structures between F3 and F4. Figure 3a
shows a [001] zone-axis HRTEM image of ferrite in region
B of Fig. 1b, where a partly-broken cementite lamella can

Fig.2 a Typical HRTEM image
taken from region A in Fig. 1b,
showing a complete cementite
lamella between F5 and F6,

b the corresponding SAED
pattern taken from the interface
region between cementite and
ferrite
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Fig.3 a, b Typical HRTEM images of regions B and C in Fig. 1b,
respectively, showing a partly-broken cementite lamella between F3
and F4. Inset is typical SAED pattern taken from ferrite area, ¢ the
corresponding SAED pattern taken from the interface region between
cementite and ferrite in (b), d typical HRTEM image and the FFT
pattern of the neck-down part of cementite in region “c,”, e Burgers
circuit for dislocations D1

be clearly seen between two ferrite lamellae. The average
width of the cementite lamella is 15.2 +0.2 nm, which is
thinner than that in Fig. 2a. The polycrystalline structures
appear in the cementite lamella, which are labeled by Polyc
Cem. Some regions are observed without crystal lattices,
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which might be due to differently-oriented grains in the
TEM sample. This HRTEM image indicates that the origi-
nal single-crystalline structure of cementite is destroyed by
the large strain in the cementite lamella. In Fig. 3a, {110}
planes of ferrite are marked by two pairs of parallel lines.
The angle between these two pairs of parallel lines is 90°.
Inset of Fig. 3a shows a typical [001] zone-axis SAED pat-
tern taken from the ferrite area. Through measuring more
than 10 lattice fringes of ferrite, the average interplanar
spacings for (110)F and (110)g are determined to be 2.11
and 2.07 A, respectively, both of which are larger than the
theoretical value (d;;(=2.02 A). This means that the inter-
planar spacings of the ferrite phase are dilated, both normal
to and parallel to the drawing direction.

Figure 3b shows a [111] zone-axis HRTEM image of
ferrite in region C of Fig. 1b, showing another partly-bro-
ken cementite lamella. In Fig. 3b, the interface between
cementite and ferrite lamellae is labeled by dashed lines.
It is interesting to observe a neck-down region in the
cementite lamella at an atomic scale, which has never been
reported before. The average width of this cementite lamella
is measured to be 5.5+ 0.2 nm, and the smallest width of
2.4+0.1 nm is observed in the neck-down region of this
cementite lamella. The decreasing lamellar width indicates
that this cementite lamella undergoes severe deformation
during the cold-drawing process. Dislocations gradually
appear near the interface region, contributing to the plas-
tic deformation of cementite and ferrite lamellae. Several
dislocations are labeled by D1-D8. In addition, the lattice
fringes (labeled by two yellow lines) of ferrite are parallel to
those (labeled by two red lines) of cementite, demonstrating
that the interface between cementite and ferrite lamellae is
continuous. Figure 3c is the SAED pattern taken from the
boundary region of ferrite and cementite phases. It shows
two sets of diffraction spots, one set being indexed to ferrite
phase, the other being indexed to cementite phase. Figure 3d
shows an enlarged HRTEM image of the neck-down region
[rectangular region “c,” in Fig. 3b]. Inset shows the fast
Fourier transform (FFT) pattern of this region, which can be
indexed as [113] zone-axis of cementite. Careful examina-
tion of HRTEM image shows that the atomic plane bend-
ing (labeled by red lines) of cementite takes place in some
regions. The observed lattice bending could be caused by
either the projection effect or the large load force during the
cold-drawing process. More dislocations are found to form
near the neck-down region than the other regions. To iden-
tify the extra half atomic planes more clearly, Fig. 3e shows
an enlarged HRTEM image of one edge dislocations D1. It
is clearly seen that there is a gap between the starting and
ending point in the Burgers circuit, as indicated by an arrow.
The Burgers vector for dislocation D1 is determined to be
1/2 <211>, which is a characteristic vector for a perfect
dislocation in the ferrite lattice.

In general, during the cold-drawing process, to remain
constant volume of the unit cell, the interplanar spacing of
the planes parallel to the drawing direction should decrease,
while the interplanar spacing of the planes normal to the
drawing direction should increase. However, in our HRTEM
observation (Fig. 3a), the lattice spacings for the two perpen-
dicular planes are all dilated. Moreover, the lattice spacing
of the planes parallel to the drawing direction is larger than
that of the planes perpendicular to the drawing direction.
This is attributed to the synergistic effect between the tensile
strain and dissolution of the cementite lamella during the
cold-drawing process. From a macroscopic view, the lamel-
lae are subjected to a tensile stress parallel to the drawing
direction and a compressive stress normal to the drawing
direction, leading to a lengthwise direction deformation and
a reduction of wire diameter. However, from a microscopic
view, the plastic deformation process within the wire lat-
tice is a shear process, in which the direction of shear-slip
atomic plane is not consistent with that of tensile load. With
the accumulation of shear strain, the carbon atoms released
from the cementite dissolve into the ferrite lattice. Accord-
ing to the martensitic transformation theory [20], the car-
bon atoms can occupy the sites of three bcc sublattices of
octahedral interstitial positions. Therefore, the carbon atoms
are not evenly distributed in the octahedral interstices of fer-
rite during the shear process of phase transformation, which
dilates the spacings of different ferrite planes with various
increment. This might lead to the fact that the lattice spac-
ing of the ferrite planes parallel to the drawing direction
is larger than that of the planes perpendicular to the draw-
ing direction. When some dislocations form on both sides
of cementite lamella, the isolated carbon atoms are easily
trapped by the dislocations during the cold-drawing process
[21-23], and they can glide through the dislocations near the
interface into the ferrite lattice, resulting in the dissolution
of cementite and the lattice expansion of ferrite. The more
dislocations, the more cementite will be dissolved, which
could lead to the formation of neck-down regions as shown
in Fig. 3b.

Through careful examination of the SAED patterns in
Figs. 2b and 3c, we find that cementite and ferrite phases
possess an orientation relationship after the cold-drawing
process, which is determined to be [ITS]C//[Ill]F, (031)c
2.5° from (110)g, (220)//(101)g and (211)//(011)g. The ori-
entation relationship between cementite and ferrite phases
in the cold-drawn pearlites is rarely reported, although some
can be found for the cold-rolled pearlites. This finding is
significant because it provides direct evidence for the ori-
entation relationship between ferrite and cementite in the
cold-drawn pearlite.

Figure 4 shows a typical HRTEM image of a nearly-dis-
appeared cementite lamellar structure (labeled by two red
arrows) between F1 and F2 in Fig. 1b. It is clearly seen that
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Fig.4 Typical HRTEM image of the nearly-disappeared cementite
lamellar structure between F1 and F2

the cementite stripe has a dumbbell-like profile and the mid-
dle part of cementite lamella is quite narrow and nearly dis-
appears, where a retained trace of the cementite phase can be
found. It suggests that the initial cementite lamella is nearly
dissolved under the large drawing strain. In F2 lamella, the
lattice spacing is measured to be 2.18 A, which is larger than
the theoretical value of {110} planes of ferrite, indicating
that the crystal lattices of ferrite undergo a severe expan-
sion. In addition, the lattice spacing is larger than that in
Fig. 3a, indicating that more carbon atoms dissolve into the
ferrite lattice in Fig. 4, which leads to the nearly-disappeared
cementite lamellar structure.

4 Conclusions

The deformation behaviors of cementite lamellae in the cold-
drawn piano wire have been investigated using HRTEM.
Three distinct morphologies of cementite are observed,
namely, complete lamella, partly-broken lamella and nearly-
disappeared lamella. For the complete cementite lamella, it
remains a single-crystalline structure. For the partly-broken
cementite lamella, polycrystalline structure and neck-down
regions appear to release the residual strain. The dissolution
of cementite results in the lattice expansion of ferrite phase
and the appearance of neck-down regions in the cementite
phase. The cementite and ferrite phases possess an orienta-
tion relationship after the cold-drawing process.
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