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Equal channel angular pressing of a fully pearlitic Fe-0.8C steel was carried out at 923 K. The microstruc-
ture, before and after processing, was analyzed by scanning and transmission electron, and atomic force
microscopy. After one pass of the equal channel angular pressing, the cementite lamellae is bent, kinked,
and fractured, with its spacing significantly decreased. The shape of the local cementite is a short or
elliptical bar. After four passes, an ultrafine microduplex structure (ferrite + cementite), with a grain size
at the sub-micrometer level, was observed and the planar lamellae was converted to equiaxed three-
dimensional grains. The cementite lamellae was fully spheroidized, with the average diameter of the
cementite particle being equal to about 150 nm. Equiaxed ferrite grains, with an average size of 400 nm,
are developed due to the dynamic, continuous recrystallization during the equal channel angular pressing
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1. Introduction

Ultrafine grained (UFG) materials, with submicrometer grains,
exhibit superior mechanical properties, as compared with conven-
tional fine-grained materials or coarse-grained materials. Several
methods have been developed to obtain UFG materials through
severe plastic deformation (SPD) [1-4]. Among them, the SPD pro-
cedure of equal channel angular pressing (ECAP) is used most
frequently because it has the potential for scaling up to large
samples and produces reasonably homogeneous microstructures
without any reduction in the cross-sectional dimensions of the
samples [5]. During ECAP, the material is subjected to intense plas-
tic straining by means of pressing a sample repeatedly through
a die, containing two channels with equal cross-sections, whose
intersection occurs at an angle. The sample is simply pressed
through the channel and a shear strain is induced within the sample
as it passes through the bending point of the channel. Repet-
itive pressing is feasible, as the sample’s cross-section remains
unchanged. A high total strain can then be achieved during a pro-
cess of multiple-pass pressing [6]. Therefore, in the course of ECAP,
grains are refined to the nanoscopic and sub-microcrystalline scale,
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which, together with dislocation hardening, results in the spec-
tacular enhancement of the material’s strength, while maintaining
sufficient ductility.

High carbon steels are widely used in the industry, but they are
hard to deform by SPD due to their high deformation resistance. To
date, much work has been done on microstructure evolution and on
the mechanical properties and fatigue behavior of UFG materials,
as prepared by ECAP, including copper [7], copper-based alloys [8],
aluminum and some of its alloys [9,10], magnesium alloys [11],
titanium [12], middle and low carbon steels [13,14]. However, there
is little information available on the grain refinement mechanism
of high carbon steels. Thus, the purpose of this article is two-fold:
(a) to investigate the microstructure of ECAPed UFG high carbon
steels and (b) to explore the grain refinement mechanism initiated
by ECAP.

2. Materials and experimental procedure
2.1. Materials

A commercial high-carbon steel (Fe-0.8 wt.%C) was used in this
study. To ensure the full evolution of pearlite, and to gain differ-
ent pearlite lamellae prior to ECAP, all specimens were vacuum
annealed at 1273 K for 30 min and then placed into a salt bath fur-
nace at 873 K for 30 min. This was followed by water cooling outside
of the furnace.
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Fig. 1. Pearlite microstructure before ECAP: (a) SEM and (b) TEM.

2.2. Experimental procedure

The samples used for ECAP were cut into cylinders with 8.3 mm
diameters and 49 mm lengths. The intersecting angle between the
two channels was 120° and the angle of the outer arc at the intersec-
tion was 30°. Therefore, the strain per path was 0.62 [15]. The 4-pass
ECAP processing was performed at 923 K. These ECAP specimens
were rotated by 90° along the longitudinal axis of the specimen
after each pass, in order to obtain a homogeneous microstructure.
The specimen and the die were both coated with graphite and MoS,
for lubrication, before being put in the entrance channel at the
testing temperature.

The samples used for the metallographic investigation were
cut from transverse cross-sections via the wire-electrode cutting
method, before and after ECAP, and were then subjected to several
successive steps of grinding and polishing. After that, the samples
were etched in a 4vol.% nitric acid solution, and were then char-
acterized by a JSM-5610LV scanning electron microscope (SEM).
Meanwhile, the microstructure evolution of ECAPed samples was
characterized by using a JEM-2010 transmission electron micro-
scope (TEM), operated at 200 kV. Mechanically polished, 40 m thin
foil was utilized for TEM sample preparation by using a double jet
electrolytic thinning technique (30V, 50 mA) in a 93 vol.% acetic
acid/7 vol.% perchloric acid mixture. Liquid nitrogen was used for
cooling during the thinning process, with the temperature raising
no higher than 243 K.

The surface morphology and the three-dimensional metallogra-
phy of the samples, before and after ECAP, were both observed by
a P47 atomic force microscope (AFM, NT-MDT, Russia).

3. Results and discussion
3.1. Microstructure before and after ECAP

The initial microstructure of the as-received Fe-0.8 wt.%C steel
is shown in Fig. 1. It can be seen that the initial microstructure was

fully pearlite. The thickness of cementite lamellae is about 30 nm
and the average lamellae spacing is about 150 nm, as can be seen
in Fig. 1b.

Fig. 2a and b shows the SEM cross-section micrographs of the
ECAPed samples after one and four passes, respectively. After one
pass, the cementite lamellae shears in a regular way, with part of the
lamellae being bent, kinked, and fractured. However, the lamellae
are parallel to each other, as shown in Fig. 2a. After four passes, as
seen in Fig. 2b, most of the original cementite lamellae disappeared
and were almost completely spheroidized, with only a few lamellae
still present. This is because many cementite lamellae are mainly
in the bent, kinked or spheroidized forms, which coordinate the
plastic deformation of the ferrite. These pearlitic phase results are
comparable with the present findings. Wang et al. [16] deformed
fully pearlitic steel by ECAP and also found a severe deformation
of the lamellae, together with a spheroidization of the cementite
lamellae. The similar results on grain refinement of carbon steel and
stainless steel can be seenin Ref. [17,18], and the reason may be due
to the grain refinement of surface layer generated by mechanical
effect [17,19]. In addition, the effect of the deformation tempera-
tureis also significant. Wetscher et al. [20] deformed a fully pearlitic
R260 steel rail by ECAP, at room temperature. After three passes, the
lamellae spacing decreased significantly, but globular cementite
was not found. This was most likely an effect of the elevated 923 K
temperature during which this ECAP experiment was conducted.
The high deformation temperature increases the diffusion capacity
of the iron and carbon atoms, and thus promotes the spheroidiza-
tion of the cementite. Consequently, the cementite lamellae are
fully spheroidized.

The TEM microstructure, with selected-area electron diffrac-
tion (SAED) of the samples after different passes of ECAP, is shown
in Fig. 3. After one pass, a marked deformation of the colonies,
and an alignment of the lamellae along the pressing direction,
can be seen. As can be seen in Fig. 3a, the cementite lamellae are
fully fractured and then spheroidized. The shape of the cementite
is a short bar or an ellipse. In this image, a significant decrease

Fig. 2. SEM micrographs after different passes of ECAP: (a) one pass and (b) four passes.
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Fig. 3. TEM micrographs and the corresponding SAED patterns after different passes of ECAP: (a) one pass; (b) two passes; (c) three passes; (d) four passes; and (e) the

equiaxed grain after four passes.

of the lamellae spacing is noticeable. However, the SAED pat-
tern of Fig. 3a had relatively few diffraction spots, which suggests
that the grain boundaries were mainly low-angled and that the
ferrite grains were not recrystallized or refined. Fig. 3b and c is TEM
micrographs, with their corresponding SAED patterns, of the sam-
ple after ECAP for two and three passes, respectively. It can be noted
that the pile-up of high density dislocations, induced by severe
deformation, contributes to the dislocation cells found in Fig. 3b.
The formation of the dislocation cells can lead to the refinement
of the ferrite grains. Meanwhile, with further increasing strains,
spheroidization of the cementite lamellae is increased and most
cementite lamellae are transformed to particles. After three passes,
the sub-grains, with an average size of about 350 nm, developed,
as shown in Fig. 3c. The original grains are subdivided by forming

subgrain boundaries primarily separated by individual cells. This
proves the development of arrays of high-energy, non-equilibrium
boundaries. In Fig. 3b, from the corresponding SAED pattern, it is
obvious that the diffraction spots have increased, which suggests
that the number of the low angle boundaries have reduced. The
SAED pattern of Fig. 3¢ consists of ring-like diffraction spots, indi-
cating that the grain boundaries have high angular misorientation.
The diffraction rings in Fig. 3c are discontinuous, which attests to
the existence of low angle grain boundaries. After four passes, as
seen in Fig. 3d, the cementite lamellae are fully spheroidized and
the average diameter of the cementite particles is now 150 nm.
The cementite particle size distribution is bimodal [21]. The forma-
tion of the bulky cementite particles, at ferrite grain boundaries,
is due to the cementite lamellae spheroidization and the average
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Fig.4. AFM images of pearlite before and after ECAP: (a) planar image of the pearlite before ECAP; (b) three-dimensional image of the pearlite surface before ECAP; (c) planar
image of the pearlite after one ECAP pass; (d) three-dimensional pearlite image after one ECAP pass; (e) planar pearlite image after four ECAP passes; and (f) three-dimensional

pearlite image after four ECAP passes.

350 nm size of the cementite particles. Note that the size of the
cementite particles inside the ferrite grain is about 90 nm. Dur-
ing warm deformation of ECAPed samples, many dislocations are
created to accommodate the deformation between the ferrite and
the cementite. The carbon atoms of the cementite then enter into
the dislocations, which consequently contributes to the formation
of a Cottrell atmosphere. This process can reduce the energy and
thus lead to a partial dissolution of the cementite. Subsequently,
dynamic recovery and dynamic recrystallization both take place,
which results in a decrease of the dislocation density and the
re-precipitation of the cementite inside of the ferrite matrix. Mean-
while, the ferrite grains are equiaxed, with very sharp boundaries
and an average grain size of 400 nm. In Fig. 3d, the SAED pattern,

with an aperture size of 2.5 wm, shows a clear and uniformly con-
tinuous diffraction ring pattern, as compared with Fig. 3c. This
indicates the existence of a large number of boundaries, with high
angular misorientation. Since the cementite particles in the TEM
foils are too thick to obtain a diffraction pattern, almost all of the
diffraction rings and spots are obtained from the ferrite. Fig. 3e
shows an equiaxed ferrite grain with a typical high angle grain
boundary. From Fig. 3a-d, the diffraction rings suggest that many
more equiaxed structures, with high angle grain boundaries, exist
in the metal as the number of ECAP passes increases to four.
During ECAP, a large strain gradient within the grain is produced
by the severe plastic deformation. The distribution of disloca-
tions thus becomes heterogeneous. Accordingly, the dislocations
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are generated and accumulated in the coarse-grained material,
which leads to the formation of high density tangled disloca-
tions. With a subsequent ECAP, due to dislocation motion and
interaction, the dislocations arrange themselves into dislocation
walls and cells (Fig. 3b). With further straining, the dislocation
cells become sharper, forming sub-grains (Fig. 3c). As there are
more ECAP passes, dynamic recrystallization occurs. This is due
to the high energy stored by the dislocations. Therefore, the sub-
grain microstructure begins to rotate independently so that more
and more deformation may be accommodated. This results in the
formation of new recrystallized grains, with highly misoriented
boundaries (Fig. 3e). The dislocation density, however, decreases
sharply at these locations. With further ECAP, dislocations are
accumulated and consequently induce dynamic recrystallization.
Therefore, due to dynamic continuous recrystallization, the num-
ber of the fine grains increases with the increasing number of ECAP
passes and the microstructure gradually becomes homogeneous
(Fig. 3d).

3.2. AFM observation

The microstructure of the sample with lamellar pearlite, before
and after ECAP, was investigated by AFM as well. After ECAP, the
microstructure changes from planar lamellae to three-dimensional
equiaxed grains. Fig. 4a and b shows the AFM micrographs of the
as-received Fe-0.8 wt.%C steel. It can be seen that the alignment of
the cementite lamellae is orderly and that the lamellae are parallel
to each other. This is consistent with the SEM and TEM results. The
average height of the cementite lamellae is within 20 nm and can
reach up to 30 nm in some places. The lamellae spacing of about
250 nm is relatively homogeneous, which is a bit higher than the
SEM and TEM measurements. This is because the AFM result gives
the local data, while the SEM and TEM observation gives the sta-
tistical data. The AFM images of the ECAPed sample surface, for
one pass, are shown in Fig. 4c and d. After one pass, the cemen-
tite lamellae are fractured, but the alignment of the lamellae is still
parallel. The same can be also seen in Figs. 2a and 3a. The height of
the cementite lamellae is now about 160 nm, which is much higher
than in the original state of the sample. Fig. 4e and f shows the
AFM images of the ECAPed sample surface after four passes. This is
similar to Figs. 2b and 3d. The cementite lamellae have completely
disappeared and are fully spheroidized. The average diameter of the
cementite particle is about 200 nm. Correspondingly, the height of
the cementite particle is below 300 nm. The changes in height also
reflect that the cementite lamellae are gradually spheroidized by
increasing the number of ECAP passes. Therefore, the plastic defor-
mation of the sample with lamellar pearlite, by ECAP, is mainly due
to the deformation of the cementite lamellae.

4. Conclusions
(1) A fully pearlitic Fe-0.8 wt.%C steel was severely plastically

deformed by ECAP up to a maximum of four passes, at 923K,
using route Bc. After one pass, the cementite lamellae is bent,

kinked, and fractured, with the lamellae spacing decreasing sig-
nificantly. The shape of the local cementite is that of a short bar
or an ellipse. After four passes, the ultra-microduplex struc-
ture, with 400 nm equiaxed ferrite grains and 150 nm cementite
particles, was formed.

(2) Dynamic continuous recrystallization of the ferrite, as well as
spheroidization of the cementite, occurs during the deforma-
tion of ECAPed specimens at high temperatures.

(3) AFM observation showed that the microstructure changes from
planar lamellae to three-dimensional equiaxed grains after four
passes of ECAP and is consistent with the SEM and TEM results.
The plastic deformation of the sample with lamellar pearlite,
by ECAP, is mainly due to the deformation of the cementite
lamellae.
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