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Equal channel angular pressing (ECAP) of granular pearlite high carbon steel was carried out at room
temperature via the Bc route. The microstructure evolution was investigated by means of scanning and
transmission electron microscopy, and the mechanical properties of granular pearlite steel were measured
by tensile and microhardness testing. After four passes, the microstructure was obviously refined. An
ultrafine microduplex structure with 400 nm equiaxed ferrite grains and 200 nm cementite particles were
formed. The yield strength, ultimate tensile strength, microhardness, and the ratio of the yield to tensile
strength increased with the number of ECAP passes, however, the elongation slightly reduced. The tensile
fracture morphology changes gradually from ductile fracture to ductile and quasi-cleavage mixed fracture.
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1. Introduction

Due to the high strength, hardness, and good wear-ability,
high carbon steel is widely used in tools and dies. However,
poor toughness and ductility limit its industrial applications.
Thus, it is important to extend the use of high carbon steel to
industrial applications. Grain refinement can simultaneously
enhance material strength and toughness. There are many
techniques of grain refinement for high carbon steels associ-
ated with equal channel angular pressing (ECAP) (Ref 1),
high pressure torsion (Ref 2, 3), ball milling (Ref 4, 5),
thermomechanical control processing (Ref 6), and warm cross
wedge rolling (Ref 7). Among them, ECAP is used most
frequently, since it has the potential for scaling up to large
samples and produces reasonably homogeneous microstruc-
ture without any reduction in the cross-sectional dimensions
of the samples. Wang et al. (Ref 1) obtained the microduplex
structures (ferrite + cementite) in a fully pearlitic 65Mn steel
by ECAP via the C route (rotated by 180� along the
longitudinal axis of the specimen after each pass) at 650 �C.
In our previous study (Ref 8, 9), the Fe-0.8wt.%C steel with a
full pearlitic structure was processed by ECAP via the Bc
route (rotated clockwise by 90� along the longitudinal axis of
the specimen after each pass) at 650 �C. The ECAP warm
deformation promotes cementite spheroidization, and the

ultrafine microduplex (ferrite + cementite) structure can be
obtained. Also, toughness and ductility can be improved
significantly with only small strength decrease. Wetscher et al.
(Ref 10) deformed fully pearlitic R260 rail steel by ECAP at
room temperature. The tensile strength increased with the
number of ECAP passes. The fatigue crack growth rate and
fracture toughness showed very strong azimuth anisotropy,
closely related to the deformed cementite lamellae. However,
most of the studies have focused on the lamellae pearlitic
structure with high strength and high deformation resistance.
Due to poor toughness and ductility, fracture can easily occur
during the deformation process. However, the granular pearlite
has poor strength and high toughness and ductility, which are
beneficial for severe plastic deformation. To date, a few studies
have reported ECAP of the granular pearlite steel. Thus, in this
paper, the granular pearlite steel was processed by ECAP at
room temperature. The underlying microstructure evolution
mechanism was revealed and the mechanical properties were
systematically studied. The results discussed in this paper can
provide useful experimental support for the development and
applications of the ultrafine-grained high carbon steels.

2. Materials and Experimental Procedure

The material used is commercial eutectoid steel with the
following chemical composition (in wt.%): 0.82% C, 0.33%
Mn, 0.24% Si, 0.011% P, 0.012% S, and Fe balance. After
spheroidize annealing, the samples were treated at 1033 K for
2 h, and then cooled to 953 K for 8 h. When the temperature
reduced to 773 K, the samples were removed from the furnace
and air cooled. The samples used for ECAP were machined into
cylindrical bars, 49 mm in length and 8.3 mm in diameter. The
ECAP work was done at the Central Iron and Steel Research
Institute for Structural Materials in Beijing, China. The detailed
parameters of the mold and the ECAP process are listed in
reference (Ref 9). The difference between this experiment and
reference (Ref 9) is the extrusion temperature. The present
processing was carried out at room temperature, while in
reference (Ref 9) it was 923 K. After ECAP, the samples used
for the metallographic investigation were cut from transverse
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cross sections by wire electrode cutting method, before and
after ECAP, and then subjected to several successive steps of
grinding and polishing. After that, the samples were etched in a
4 vol.% nitric acid solution. Scanning electron microscopy
(SEM, Hitachi-S4300) was used for microstructure analysis.
Transmission electron microscopy (TEM, JEM-2010) was used
to examine the microstructure of the processed specimens. Thin
foil mechanically polished down to 40 lm was utilized for
TEM sample preparation using a double-jet electrolytic thin-
ning technique (30 V, 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 to no higher than 243 K. Uniaxial tensile tests were
performed on the samples with the 29 0.5 mm2 cross section
and 10 mm gage length using an Instron 5848 Micro-Tester
(2 kN) with 1910�3 s�1 strain rate at room temperature. The
tensile direction was parallel to the extrusion direction of the
samples. The morphology of the fracture surfaces was observed
using JSM-5610LV SEM. Microhardness was measured using
MH-3 Vickers microhardness tester with 200 g normal load and
10 s holding time on the as-polished regions. Average micro-
hardness values were determined based on five indentation
measurements.

3. Results and Discussion

3.1 Microstructure Evolution Before and After ECAP

Figure 1 shows the SEM micrographs of granular pearlite
steel before and after ECAP. It can be seen that after spheroidize
annealing before ECAP, the cementite lamellae are almost
completely spheroidized and the cementite particle size has non-
homogeneous distribution. The size of the bulky cementite
particles at the primary austenite grain boundary is about 1 lm,
while the size of the cementite particles inside the primary
austenite grain is about 500 nm. Some cementite lamellae can be
observed in the form of a short bar, as seen in the outlined zone of
Fig. 1(a). The average grain diameter of cementite particles is
750 nm. After one ECAP pass, due to the shear strain, the shape
of some cementite lamellae changes from short bar to dumbbell,
as indicated in Fig. 1(b) by the arrow. The large cementite
particles are refined to a small size of�500 nm. After two passes,
in Fig. 1(c), the cementite particles are distributed along the
deformation direction. The number of the large cementite
particles decreased and the amount of small particles (�400
nm) increased. After four passes, in Fig. 1(d), most of the large
cementite particles disappeared and many small particles (�250
nm) are distributed in the ferrite matrix. Under the severe plastic
deformation of ECAP, the microstructure of granular pearlite is
obviously different from the lamellar pearlite. In reference (Ref
8), the cementite lamella are bent, kinked, and fractured to
coordinate the plastic deformation of the ferrite. At high
temperature, the cementite spheroidization enhances with more
ECAP passes. In the present work, the granular pearlite is mainly
fragmented to coordinate the plastic deformation of the ferrite.
With more ECAP passes, the cementite particles change from
non-homogeneous distribution before ECAP to fine and homo-
geneous particles with the size of about 250 nm.

The TEM micrographs of the samples’ microstructure before
and after ECAP are shown in Fig. 2. After spheroidize annealing,
most of the cementite lamellae are completely spheroidized, with

only a few lamellae still present in the form of a short bar. The
spheroidized cementite particle size has non-homogeneous
distribution, which is consistent with Fig. 1(a). After one ECAP
pass, a large number of dislocation lines are generated and
accumulated in the elongated ferrite matrix, leading to the
formation of high density tangled dislocations. The cementite
particles as the secondary phase can effectively fix dislocations
and inhibit their motion. After two passes, the dislocations
arrange themselves into dislocation cells, and the dislocation
cells become sharper, forming subgrains. Thus, the ferrite is
refined with the grain size of about 500 nm. Meanwhile, the
particle diameter of the cementite particles reduces to 300-
500 nm. After four passes, the dislocation density decreases
significantly, compared with the two passes. This is because, a
large amount of dislocations are consumed when the subgrains
transfer from the low-angle grain boundaries to the high-angle
grain boundaries with strain accumulation (Ref 11, 12). Due to
dynamic recovery, the ferrite has equiaxed shape with the grain
size of about 400 nm, and the corresponding cementite particle
diameter is about 200 nm. The corresponding grain refinement
mechanism can be summarized as the following process: (1)
development of dislocation lines in original grains; (2) the
formation of dislocation tangles and dislocation cells due to the
pile-up of dislocation lines; (3) accumulated strains become
larger with the number of ECAP passes, transforming dislocation
tangles and dislocation cells into subgrain boundaries; and (4)
evolution of the continuous dynamic recovery subgrain bound-
aries into refined grain boundaries.

3.2 Mechanical Properties

The engineering stress-strain curves of the granular pearlite
steel before and after different ECAP passes are shown in
Fig. 3. It can be seen that the pearlite tensile strength increased,
but the corresponding elongation reduced with more ECAP
passes. The mechanical properties of granular pearlite before
and after ECAP are listed in Table 1. The tensile and yield
strength of the granular pearlite increased by 80 and 216%,
from 598 and 289 MPa (before ECAP) to 1077 and 915 MPa
(after four ECAP passes), respectively. The corresponding
microhardness increased by 80% from 195 to 349 HV. The
Vickers hardness is about 1/3 of the ultimate tensile strength
value (Ref 13). Also, the ratio of the yield strength to tensile
strength increased from 0.48 to 0.85, while the elongation
reduced from 20.1 to 10.2%. After ECAP, large amounts of
dislocation lines were generated and accumulated in the
elongated ferrite matrix, leading to the formation of high
density tangled dislocations, as seen in Figs. 2(b) and (c). The
strength of the granular pearlite steel increased with more
ECAP passes due to dislocation strengthening. Dynamic
recovery occurred with the strain accumulation, and the ferrite
grain was refined by the subgrain. After four passes, the ratio of
yield strength to tensile strength of the ultrafine-grained steel
reached 0.85, which is close to Li� result of 0.86, where the
ultra-microduplex structure was produced in the eutectoid steel
by warm deformation (Ref 14). This change in the ratio of yield
strength to tensile strength can be attributed to different
microstructure after different number of the ECAP passes.
Similar changes in the mechanical strength due to hot
deformation were reported in other studies of eutectoid steels,
for example (Ref 15, 16). The granular pearlite steels transfer
from dislocation strengthening (one ECAP pass) to grain
refinement strengthening (four ECAP passes). Overall, granular
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Fig. 1 SEM micrographs of the microstructure before and after different ECAP passes: (a) granular pearlite; (b) 1 pass; (c) 2 passes; and
(d) 4 passes

Fig. 2 TEM images of the microstructure before and after different ECAP passes: (a) granular pearlite; (b) 1 pass; (c) 2 passes; and
(d) 4 passes
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pearlite not only has high strength, but also some ductility after
severe plastic deformation.

The fracture surface morphology of the granular pearlite
before and after ECAP is shown in Fig. 4. Due to good
plasticity, large and deep dimples along with lots of small and
shallow ones can be found before ECAP. The dimples are
distributed unevenly, with 10-30 lm large and deep ones and 2-
5 lm small and shallow ones, as seen in Fig. 4(a). After a
single ECAP pass, large and deep dimples disappear and large
amounts of small and shallow ones with the average size of 3-
5 lm are observed in Fig. 4(b). The dimples are unevenly
distributed and a small amount of the quasi-cleavage-like
fractures can be found in local areas. After two passes, the
dimple size further reduced to 1-3 lm with more uniform
distribution, compared with Fig. 4(a). A small amount of
cleavage facets is present, indicating the increase of the quasi-
cleavage-like fracture characteristics, as seen in Fig. 4(c),
pointed by the arrow. With the ECAP passes increasing to four,
the dimples are distributed more unevenly, compared with
Figs. 4(b) and (c). The dimple depth reduces, while the number
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Fig. 3 Engineering stress-strain curves of the mini-tensile samples
before and after ECAP

Fig. 4 Fracture surface morphology of the mini-tensile samples: (a) granular pearlite; (b) 1 pass; (c) 2 passes; and (d) 4 passes

Table 1 Mechanical properties and the cementite particle size of granular pearlite before and after ECAP

Pearlite 1 pass 2 passes 4 passes

Hardness, HV 195 261 295 349
Yield strength (rs(0.2)), MPa 289 594 786 915
Tensile strength (rb), MPa 598 744 933 1077
rs(0.2)/rb 0.48 0.80 0.84 0.85
Elongation (d), % 20.1 16.7 12.6 10.2
Cementite particle size, nm 750 500 400 250
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of dimple increases and the dimple size decreases to 1 lm. The
cleavage facets are expanded and some microcracks are present
in local areas, pointed by the arrow in Fig. 4(d). However, the
ferrite grain and the cementite particles refine to submicron
with the number of ECAP passes, resulting in smaller dimple
size and increased number of dimples. Meanwhile, few
cementite lamellae with the shape of the short bar, which are
not fully spheroidized, are arranged along the deformation
direction. As a result, the fracture morphology of the granular
pearlite changes from typical ductile fracture to ductile and
quasi-cleavage fracture with the ECAP passes increasing.
Similar phenomenon was observed in pure Cu after ECAP at
room temperature by Ding et al. (Ref 17). The fracture
morphology of pure Cu turned from ductile fracture to brittle
fracture with the number of ECAP passes increasing, but the
fracture mode was dominated by ductile fracture.

4. Conclusions

The granular pearlite high carbon steel was severely
plastically deformed by ECAP up to four passes, at the room
temperature, using the Bc route. The microstructure and
mechanical properties were systematically characterized and
analyzed. The results are as follows:

1. The ultra-microduplex structure with 400 nm equiaxed
ferrite grains and 200 nm cementite particles was fabri-
cated in the granular pearlite steel after four ECAP passes
at room temperature via the Bc route. The ferrite grains
were refined due to the continuous dynamic recovery.

2. The strength, microhardness, and the corresponding ratio
of the yield to tensile strength increased with the number
of ECAP passes. After four passes, the tensile strength,
yield strength, microhardness, and the ratio of the yield
to tensile strength increased to 1077, 915 MPa, 349 HV,
and 0.85, respectively. Meanwhile, the elongation re-
duced from 20.1% (before ECAP) to 10.2% (after four
ECAP passes).

3. With the ECAP passes increasing, the fracture morphology
of the granular pearlite changed from typical ductile frac-
ture to ductile and quasi-cleavage mixed fracture.
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