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The aim of this work is to study the effect of six-pass elliptical cross-sectional spiral equal-channel extrusion
(ECSEE) on the microstructure and performance of ultrafine-grained (UFG) copper. Equiaxed grains of
average grain size of less than 1 lm are formed into shear bands in the low strain region of ECSEE
deformed specimen. More homogeneous and equiaxed microstructure with high misorientation angles is
obtained in the high strain. Moreover, the microstructure evolution of ECSEE-induced copper is a dynamic
equilibrium process of shear deformation accompanying the interactions of high dislocation density, cel-
lular structure and high-angle grain boundaries. The grain ECSEE refinement mechanism is described as
the formation process of dislocations, cells, local grain sub-boundaries rotation and large angle grain
restructure. The significantly non-uniform hardness distribution is consistent with the deformation
behavior and microstructure refinement in the ECSEE-induced specimen. The homogeneity of
microstructure and hardness improves as the ECSEE pass increases.
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deformation

1. Introduction

Severe plastic deformation (SPD) is a direct method to
produce various bulk ultrafine-grained (UFG) materials, includ-
ing metals, alloys, polymers (Ref 1) and even composite
materials with grain sizes smaller than 1000 nm. Different from
the traditional plastic methods, such as extrusion, upsetting,
drawing and compressing, SPD provides a way to refine coarse
grains using intense shear plastic strain in excess of � 4-6 and
high hydrostatic pressure (Ref 2). Moreover, in contrast to UFG
materials produced by the traditional forming methods, those
prepared by SPD always have non-equilibrium high-angle grain
boundaries (HAGBs), rather than low-angle grain boundaries
(LAGBs) (Ref 3). Current SPD techniques include equal-
channel angular pressing (ECAP), high-pressure torsion (HPT),
multi-directional forging (MDF), etc. (Ref 1, 2). A rod-shaped
specimen is pushed through an angular die channel with the
equal cross section during the ECAP pressing. The intense
plastic shear deformation occurs in the channel intersecting of
ECAP die (Ref 4). HPT is quite different from ECAP. A disk
specimen is strained by the torsion and high pressure in HPT

(Ref 5). MDF is technically classified as a traditional forging
technology by changing the forging axis of 90� pass-by-pass
(Ref 6). MDF is usually used for the grain refinement of
difficult-to-form metals, such as Mg, Al and Ti alloys.
However, additional heating leads to the grain growth.
Therefore, how to simplify these processing operations and
obtain the unique material properties is a further focus of SPD
techniques. Intensive efforts have been directed toward the
modification and innovation of SPD methods (Ref 6, 7).
According to the forming characteristics, these new methods
are mainly categorized as the extension of ECAP or HPT.

The dislocation deformation mechanism (DDM) is one of
the most recognized SPD refining mechanisms (Ref 7, 8). High-
density dislocations are propelled by the intense shear stress
through the movement of different slip systems in DDM model.
When the dislocation density of cell walls (CWs) achieves a
critical value, the part of dislocations with different misorien-
tations annihilate at the cell boundaries. As a result, excess
dislocations remain and form Y-shaped dislocation walls
(DWs). Dislocations with Burgers vectors are perpendicular
to the boundary. This leads to the increase in misorientation and
causes the transformation of granular structures, as the density
increases (Ref 2, 7). The dislocations formation of shear zones
results in the microstructure of breaking apart. These phenom-
ena were discovered in the study of ECAP, HPT, sandglass
extrusion (SE), accumulative roll bonding (ARB) and repetitive
corrugation and straightening (RCS). Subsequently, coarse
grains gradually evolve into equiaxed cells or/and subgrain
structures. The shear-stress dislocation model is also recognized
as one of the SPD refinement mechanisms (Ref 3). This grain
refinement model is proposed based on the formation of shear
bands (SBs) and subgrain rotation. The thin SBs orient along
the shear-stress plane. A large portion of dislocation densities
and high-angle boundaries form in angle boundaries of initial
coarse grains. The movements of shear planes and rotation
initiate as the subsequent SPD of materials. The subgrains
rotation controls the spatial development of high-angle bound-
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aries with preferable dispositions during SPD. Moreover, the
grain refinement process is due to the mechanical shearing of
grains. Equiaxed grains are formed when elongated arrays of
grains are subsequently sheared in other directions. Some
researchers have found twins as well as dislocations in the
simulation of SPD process (Ref 8) and believed that the
deformation of nanostructure metals always resulted in the high
stacking fault energy (Ref 9). The twins associated with slips
are found in the slip deformation process of UFG copper with
grain size less than 300 nm. Yamakov and Zhu (Ref 10, 11)
further studied the interactions between twinned grain bound-
aries and dislocation slips in FCC cobalt nanocrystals. They
discovered that the twinning deformation had a dual role in the
determination of mechanical properties of nanometer grain size
materials. Moreover, Gutkin and Fedorov (Ref 12, 13)
determined that the deformation of nanoscale metal crystals
was due to the grain boundary sliding and torsional deforma-
tion modes. The slip dislocations in trigeminal grain boundaries
repeatedly break down into climbing grain boundaries along the
adjacent edges. This process causes DWs climbing in the grain
boundaries and the lattice deforming by the way of rotation
transmission in the metal nanoscale-grains.

Elliptical cross-sectional spiral equal-channel extrusion
(ECSEE) was proposed as a novel SPD method of various
developed SPD techniques (Ref 14). A schematic diagram of
ECSEE method is shown in Fig. 1(a). The channel of ECSEE
die consists of three segments: Channel L1, Channel L2 and
Channel L3, corresponding to the round-ellipse cross-sectional
transitional channel, the elliptical cross-sectional torsion tran-
sitional channel and the ellipse-round cross-sectional transi-
tional channel, respectively. The ECSEE-processed specimen is
subjected to severe plastic deformation as the cross-sectional
area remains the constant due to the special structure of die
channel. Significant reductions in the grain size are mainly

attributed to high pressure associated with the torsion of
ECSEE Channel L2 (Ref 14-16). The variation of transverse
plane of a single-pass ECSEE-processed specimen is described
in Fig. 1(b). A round bar specimen is extruded through the
cross-sectional transition of the round-ellipse, elliptical cross-
sectional torsion and ellipse-round via three die channels (Ref
15). This channel feature of ECSEE die allows the specimen to
obtain strain accumulation by repeatedly extruding. Multiple
extrusion is essential to refining the microstructure and
improving the mechanical properties of SPD deformed mate-
rials. Latypov & Seop comparatively analyzed two twist-based
SPD processes: ECSEE versus twist extrusion (TE) by means
of FEM (Ref 17). The simulation reveals that the stress–strain
state imposed in ECSEE twist zones is very similar to those in
TE. However, ECSEE requires slightly lower load than that of
TE for the extrusion process. The work piece in ECSEE die
preserves its geometry better compared to the counterpart in TE
die. Moreover, the uniform distributions of maximal plastic
strain and equivalent plastic strain are in the ECSEE die.

In previous studies, the simplified slice-plain-strain method
and incremental superposition theory were adopted to calculate
the effective strain of ECSEE (Ref 18). The ECSEE deforma-
tion was divided into two basic deformation modes (Ref 18):
round-ellipse/ellipse-round cross-sectional transitional channel
deformation and elliptical cross-sectional torsion transitional
channel deformation. The research is a mathematical study of
plane strain on the deformation characteristics of ECSEE.
However, the quantification of effective strain is low available.
Current research evaluated the strain value of an arbitrary point
in ECSEE-processed specimen (Ref 19). The equation of strain
can be expressed as follows.

e ¼ lm
2

ln 1þ d2u sin2 w
4

� �
ðEq 1Þ

Fig. 1 Schematic diagram of (a) the specimen undergoing ECSEE deformation and (b) the variation of transverse plane
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where l is a variable coefficient related to the intrinsic
properties of deformation materials such as the hardening
index, crystalline structure and alloy phase. w is the angle
between the line of an arbitrary point and the center point of
central axis. u is the torsional angle. m is the ratio of the major-
axis and minor-axis lengths. The variable of m is greater than 1.
The letter of d represents the differentiation. The expression is
derived for the strain of single-pass ECSSEE. The number of
passes, N, should be added in the formula for multiple passes
ECSEE deformation. The strain value is strongly concerned
with the L

2
, u and m parameters. Properly speaking, the

torsional angle of unit length, and the ratio m are prone to be the
decisive parameters for the ECSEE strain accumulation.

The specimen with the dimensions of 10 mm diameter and
30 mm height, and the ECSEE die was a set as following:
D1 = 10 mm, L1 = 7 mm, L2 = 10 mm, L3 = 7 mm, u = 120�
and m = 1.55 (Ref 14). Only Channel L2 was studied, ignoring
of other channels. Hence, the section dimensions are 5 mm 9
7 mm. According to Formula (1), the strain is calculated and
its values are plotted in Fig. 2. Figure 2(a) shows selected
points of calculated strain on the behalf of longitudinal section
located in Channel L2. The area of calculated section is divided
into grids. Curves (Fig. 2b) and contours (Fig. 2c) were
calculated from the corresponding representative points. The
parameter l is an uncertain value. The value of l is selected 10
considering the consistency with the numerical simulation in
this study. There is further study due to no corresponding
theoretical support for the parameter l. It is still relatively ideal
from the perspective regular distribution of Fig. 2(b) and (c).
The strain increases with the increase in torsion angle. The
gradient distribution state is presented with the distance
variation. The strain mainly concentrated on the outer layer
of bar specimen, and the internal strain is less. The distribution
law conforms to the simulation and real situation, which
indicates that the calculated results are ideal and reliable. Li
et al. (Ref 20) calculated the average equivalent strain of multi-
pass processed specimens after ECAP, ECSEE and torsion
deformation. The value of average equivalent strain of � 1 to
� 4 in one pass to six passes of ECSEE is slightly lower than
the counterpart of ECAP or torsion deformation under the same
pass of deformation. The calculated value of using Formula (1)
is roughly consistent with the results of finite element
simulation under the ideal condition (Ref 14).

The ECSEE method has proven to be an effective method to
fabricate bulk copper (Ref 14, 15) and aluminum alloys (Ref
16). Li et al. (Ref 20) compared the deformation modes for
ECAP, ECSEE and torsion. The authors classified the defor-
mation modes of bending–torsion, extrusion torsion and pure
torsion for microstructure evolution of ECAP, ECSEE and
torsion deformation, respectively. In this sense of grain
refinement level, ECAP is superior to ECSEE and torsion,
while the inhomogeneity is damaged most seriously for torsion,
followed by ECSEE and ECAP. The similar refinement process
is describe as the formation of SBs, dislocation forest, large
angle grain boundaries and subgrains. Wang et al. (Ref 14)
numerically and experimentally studied pure copper processed
via a single pass using the ECSEE method. The structural
parameters of ECSEE die also were optimized based on the
grey theory (Ref 21). Existing researches discovered that the
ECSEE technology consists of torsional shear, extrusion and
upsetting deformation. This combined set of deformation
modes is beneficial to the accumulation and conversion of
shear deformation during the material SPD processing. The
ECSEE-induced specimen undergoes the severe deformation
and maintains its original cross section, allowing the specimen
to be extruded repeatedly. This deformation feature is very
consistent with the characteristic of the aforementioned SPD
techniques. Moreover, the ECSEE method overcomes the
difficult problem that the forging equipment cannot implement
the torsion deformation and reverses the harmful friction into
the useful impetus of shear deformation. This advantage of
ECSEE is reported in the previous studies (Ref 14-16, 20, 21).
Finally, the ECSEE process can be easily installed on any set of
standard extrusion equipment by replacing a standard extrusion
die with the ECSEE die. The fabrication of UFG materials is of
great importance in the academic and industrial points of view.
However, there are scarce systematic investigations of the
microstructure evolution and grain refinement mechanism of
UFG materials fabricated by ECSEE.

In this study, the effects of multi-pass ECSEE on the
microstructure evolution and mechanical properties of copper
were studied. The ECSEE grain refinement mechanism was
described based on observing the formation of deformation
bands associated with the dislocation, slip, and GB systems and
their interactions. Declaring that the analyses and discussions in
this paper are more non-quantitative as a result of the

Fig. 2 Strain calculation of (a) selected points, (b) curve of strain vs. distance and (c) strain contours

Journal of Materials Engineering and Performance Volume 27(12) December 2018—6667



complexity of forming and experiment condition in current
stage.

2. Experimental Procedure

The commercial copper specimens were preconditioned by
annealing at 400�C for 2 h and then furnace cooled to obtain a
grain size of 100 lm. The average microhardness for the
starting (initial) pure copper is � 40 HV. The received
specimens were machined to a diameter of 10 mm and a
length of 30 mm for subsequent processing. To obtain the same
equivalent plastic strain, the cavity parameters of ECSEE die
were set based on the work of previous studies (Ref 14). The
ECSEE experiments were conducted over six passes at room
temperature with the extrusion speed of 1 mm/s using the lard
lubrication. Multi-pass ECSEE-processed specimens were
symmetrically wire-cut into horizontal and vertical segments.
The segments were subjected to coarse grinding and fine
grinding with a waterproof abrasive followed by the mechan-
ical polishing with diamond powder. For OM observation, the
specimens were etched with a solution containing FeCl3, HCl
and H2O (at a ratio of 1:3:20) for 10 s.

The thin foils for TEM observations were cut from the
longitudinal section of specimens, mechanically ground to
approximately 40 lm, and finally thinned using a precision
ion polishing system (Model 691 PIPS, GATAN Inc.). The
microstructure observations were performed on a Tecnai G2
S-Twin F30 high-resolution TEM (HRTEM, 300 kV, FEI
Company). The measurements of cell sizes were made
directly from TEM observations, and the reported values are
averaged from approximately � 100 cells selected randomly
from each specimen. The cell size was measured along two
axes of parallel and perpendicular. The grain diameter was
estimated by measuring and averaging the length and width
of the strongly diffracting grains using Image-Pro Plus
software (Ref 22). Then, the grain size distributions were
plotted from the data of grain diameter.

The dislocation density q in the grains of the specimens was
evaluated by Ham�s intersection method (Ref 23). The first
procedure is a mesh drawn on a TEM image of a grain
satisfying the diffraction condition, and then the number of
intersections n between the mesh and dislocations is counted.
The dislocation density was evaluated using Eq 2 (Ref 23).

q ¼ 2n=Lt ðEq 2Þ

Here, t is the thickness of the specimens and L is the total length
of the measured mesh. To reduce the error of the invisible
dislocations, TEM specimens were tilted (0-2�) in order to
observe the highest number of dislocations within a grain.

The microstructure was studied along the longitudinal
section for different deformation conditions using a scanning
electron microscope (JEOL JSM-7001 F Field Emission)
equipped with the Oxford Instruments HKL Channel 5 software
package for EBSD measurement. Different step sizes of
0.05 lm were used. Misorientations less than 3� were not
considered during post-processing. ECSEE specimens were
examined by EBSD in the marginal area of longitudinal
direction.

Vickers microhardness (HV) tests were employed using
100 g loads and the dwell time of 15 s with a HXP-1000TM
microhardness tester. The HV was investigated at seven
selected points along the centerline of the longitudinal sections.
All selected points were measured five times with the average
value reported.

3. Results and Discussion

3.1 Optical Metallographic Observations

OM micrographs of pure copper after six passes of ECSEE
deformation are shown in Fig. 3. The obvious shear zones in
the circumferential areas are shown in Fig. 3(b) and (d). The
distributions of flow lines on the cross-sectional and longitu-

Fig. 3 OM micrographs of multi-pass ECSEE-processed copper: (a) the center of cross section (label 1), (b) the circumferential edge of cross
section (label 2), (c) the center of longitudinal section (label 3) and (d) the edge of longitudinal section (label 4)
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dinal section are shown in Fig. 3(e). The observed positions are
separately labeled with numbers. The flow lines on the cross
section present a gradient distribution state of swirling. The
flow state is obvious in the peripheral part (label 2), while the
counterpart in the central part (label 1) is little due to small
deformation. Hence, the change in internal flow is unobvious.
The distribution of flow lines presents the morphology of plates
or/and strips in the longitudinal section. The streamlines are
along the tangential direction of shear stress in edge part (label
4). The streamlines are paralleled and have less tilt along the
tangential direction in internal part (label 3). Grains in the
circumferential areas are significantly refined with shear zones,
which are compared to their counterparts in the center position,
where no significant shear zones are found (see Fig. 3a and c).
The vortex appearance of metal flow lines on the cross section
of specimen is similar to the feature of torsional microstructure.
The direction of flow lines is always along the shear direction.
However, the flow lines on the longitudinal section of specimen
are not the skew lines like the torsion deformation feature (see
Fig. 3b and d). The interpretation may be ascribing the spiral
line of the space forming in the ECSEE-induced specimen. The
offsetting effect on the central area increases in the multiple
passes of ECSEE, and the flow lines are more parallel. Due to
more severe shear deformation significantly, the grains in the
circumferential areas are greatly extended and even broken into
a fragmented substructure. The torsional shear deformation,
especial in Channel L2 of the ECSEE die, plays a significant
role in the refinement of ECSEE-processed materials. Simple
shear deformation consists of a series of parallel sliding layers
formed by shear slippage. The deformation mode of the ECSEE
is an inhomogeneous one, similar to pure torsion. Both the
stress and strain are transmitted from the bar specimen surface
into the interior via the torsional loading. Previous research has
shown that the value of the torsion strain changes incompletely
linearly from zero at the center of the bar specimen to a
maximum value at its surface. The ‘‘oval’’ shape of strain
distribution is matched with the elliptical cross-sectional shape
of the die channel (Ref 14, 15). The effective strain in left–right
area of cross section is higher than that in the above-under area.
The distribution pattern of effective strain is especially possibly
due to the severe shear deformation in region of ellipse major-
axis, while the area near ellipse minor-axis is subjected to less
severe shear deformation. The effective strain in the ellipse
major-axis area of cross section is higher than that in the minor-
axis area and central area. However, the severe shear deforma-
tion in the external region of ECSEE-induced specimen is more
than the counterpart in the internal region. Numerous investi-
gations have shown that a homogeneous of microstructure
refinement could improve as the torsion rotation increases (Ref

24). Accompanying the ECSEE deformation, these fragmented
grains are distributed along the shear direction and exhibit a
strong filamentary structure in the macro-level. The granulated
isometric grains gather along the long strips of the sheared
microstructure. The SBs or laminate structure progressively
develops along the flow direction. The microstructure charac-
teristic is quite similar to that formed during cold-rolling
deformation (Ref 25) and multi-pass ARB deformation (Ref
26).

3.2 EBSD Observations

EBSD has become a standard material measurement tech-
nique to effectively determine the information of morphological
parameters, such as grain size and shape distributions. Figure 4
shows the orientation imaging microscopy (OIM), misorienta-
tion distribution and selected EBSD regions of copper after
being selectively processed by one, three and six passes of
ECSEE. In this study, the textures were represented in the TD-
ND-ED reference system. The normal direction of ND is
perpendicular to the extrusion direction. The extruded specimen
was distorted on the ED-TD plane in Channel L2 of ECSEE die.
The unit triangle shows the colors corresponding to different
grain orientations. The HAGBs with misorientation angle
greater than 15� are shown as black lines and LAGBs with
misorientations between 3� and 15� are shown as white lines.
Figure 4(a) presents an initial microstructure of copper prior to
ECSEE. The twin boundaries are the type of dominant grain
boundary. The average grain size statistics by EBSD was larger
than 40 lm with well-defined grain boundaries and twins in
interior of grains. The elongated grains or deformation bands
and a small number of well-developed subgrains exhibit in the
microstructure of one pass of ECSEE-induced specimen as
shown in Fig. 4(b). The deformation bands are generally
associated with the shear strain process (Ref 27). In the low
strain, an operative slip system originates in the polycrystalline
material. More numbers of slip systems may operate as the
deformation increases. The different sets of slip systems lead to
different lattice rotations to coordinate the strain imposed into
the materials. The more heterogeneous microstructure forms
with plenty of grains, whose average grain size is several
micrometers or even nanometers after three and six passes in
Fig. 4(c) and (d). However, the mixture coarser subgrains
present in some regions in three and six passes of ECSEE-
induced specimens. The high deformation led to the transfor-
mation of cell boundaries into subgrains, but a significant
fraction of LAGBs persists around coarser grains. In the SPD
process, the grain refinement of the bulk material usually
reaches a level of equiaxed ultrafine (£ 1 lm) or nanoscale

Fig. 4 OIM and misorientation distribution, including subgrain boundaries (SGBs) (3� £ h < 15�, white lines) and grain boundaries ( ‡ 15�,
black lines) of copper (a) initial, and processed by ECSEE after (b) one pass, (c) three passes and (d) six passes
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(£ 100 nm). Elongated, ribbon-like dislocation cells (DCs) or
subgrain structures form in the smaller equivalent strain in SPD
at low homologous temperatures and evolve into highly refined
equiaxed structures in larger strain. These results are similar to
those from other studies on ECAP processed copper (Ref 27,
28).

Figure 5 shows the histograms of misorientation angle
(Fig. 5a, b and c) and statistical variation of grain size (Fig. 5d,
e and f) taken from a scan on edge regions of specimens�
section. The statistical data and selected EBSD regions are from
Fig. 4. For one pass, the fraction of large angle boundaries
increases significantly and being a small percentage. It is an
indication that the formation of cells and subgrains are in
existing grains. For three passes, the subgrain misorientations
increase, and a balanced distribution is in LAGBs and HAGBs.
For six passes, the LAGBs are in a minority, and the orientation
distribution tends to be high. In the plastic deformation of
material, the dislocations need to accommodate the misorien-
tation of neighboring cellblocks (CDs). The DC boundaries are
also known as the incidental boundaries due to the statistical
mutual tapping generation of gliding dislocations (Ref 29). In
the SPD process, the misorientation increase leads to the
formation of new HAGBs, and the percentage of subgrains
increases in the high strain. Grain fragmentation usually
depends on the grain orientation of special orientation symme-
try (Ref 30). As demonstrated in Fig. 5(d)-(f), the grain size
decreases with the increase in deformation passes. More and
more grains are less than 1 lm. The average grain sizes are
� 0.7 lm, � 0.5 lm and � 0.4 lm for one, three and six
passes, respectively. The statistical variation of grain size shows
an evidence for the ECSEE grain refinement as shown in
Fig. 4. The general appearance of these distributions is
consistent with those earlier reported (Ref 27).

In the above analysis, the ECSEE deformation leads to the
grains shearing and is accompanied by an increase in the
fraction of substructures and misorientation. The misorientation

increase is within the deformation bands and in the formation of
new HAGBs. The grain boundary distribution changes from a
high portion of LAGBs after the one pass of ECSEE to a high
portion of HAGBs after six passes. The ECSEE strain causes
the polygonization and the transformation of substructure into a
granular-type microstructure accompanied by a dramatic grain
size reduction.

3.3 TEM Observations

Figure 6 shows the TEM observations of copper after the
multi-pass ECSEE process. For the low strains after one pass of
ECSEE, the microstructure mainly consists of dislocations, SBs
and DCs structure (see Fig. 6a). The microstructure after one
pass of ECSEE consists of strongly elongated subgrains with
the mean SBs or lamellar boundaries (LBs) spacing of
� 500 nm. The boundaries of DCs are seen inside LBs or/
and SBs. The dislocation tangles are clearly observed in CWs.
SBs have a tendency to line up parallel with the shear direction.
The structures of DCs or/and CWs show the increasing
dislocation motion caused by the dislocations escaping from
the tangles due to the cross-slips, which are responsible for the
plastic deformation in the low strain (Ref 31). In the intense
plastic deformation, the generation of DCs extends from the
margin to the interior of original grains. The deformed SBs are
separated by the geometrically necessary boundaries (GNBs).
Except for the GNBs, the other boundaries are incidental
dislocation boundaries (IDBs) (Ref 32), which usually form
within a grain by the statistical trapping of dislocations. The
GNBs accumulate dislocations at a higher rate than IDBs.
Hence, the density of grain boundary dislocation is greater than
the counterpart of intragranular dislocation.

As the strain increases further (two passes, Fig. 6b), the
width of SBs decreases significantly, whereas the quantity of
DCs and CWs increases. The quantity of DCs and CWs
increases with the increase in shear strain. By contrast,

Fig. 5 The histogram of misorientation angle and statistical variation of grain size of ECSEE-produced specimens: (a) (d) one pass, (b) (e)
three passes and (c) (f) six passes
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approximately 50% of area belongs to the structure of DCs and
CWs in two passes of specimen, and a more uniform
microstructure is attained in two passes due to the decrease
width of LBs or/and SBs. A similar observation was found in
the microstructure induced by the process of rolling or RCS
(Ref 33).

For three passes of ECSEE deformation (shown in Fig. 6c),
the obvious DW boundaries appear in SBs, and the entire
microstructure distribution appears similar to a brick wall. The
area fraction of short rods and strips structure is about 70% after
three passes. The microstructure is more homogeneous than
that of two passes of specimen. The similar DCs in the CDs are
usually interconnected to form a cellular network in the
microstructure produced by rolling or RCS (Ref 34). The long
strips structure ruptures into tiny short rods. This interpretation
is ascribed to the different slip system number, which could
coordinate the deformation within the grain area. Thus, the
elongated grains can be separated into small grain fragments
through the transition zone of dense DWs or GNBs fragmen-
tation (Ref 35). As described, an additional slip system may be
triggered in the cells as the strain increases. More and more
DCs act like CDs, and the subgrain structures become separated
(Ref 36). With the further deformation, many subgrains may
further divide into smaller ones, and the misorientation between
subgrains may increase to form LAGBs and HAGBs (see
Fig. 4).

After four passes of ECSEE (in Fig. 6d), the reverse
inclination deformation occurs to the short rod-like grains. The
microstructure of no much-elongated grains is found, which
means the achievement of more equiaxed microstructure.
Unlike the rolling-induced microstructure, the DCs are not
well networked. Parallelogram or diamond-shaped subgrains
come into being. Interestingly, although the segment of LAGBs
is in the non-equilibrium configuration, another segment is in
an equilibrium configuration without any extrinsic dislocations.
It is not clear whether the grain boundaries orienting along a
low index plane tend toward an equilibrium state. Such

boundaries are unstable and may reconfigure to form equilib-
rium boundaries.

The equiaxed grains appear, and no obvious dislocations
exist in the vast majority of grains in Fig. 6(e). The subgrains
mainly present the equiaxed appearance. However, the exhib-
ited microstructural inhomogeneity is in the feature of sub-
grains lying in close vicinity. Some areas of particular grains
are found completely dislocation-free as opposed to neighbor-
ing regions, which are heavily deformed. Grains with heavy
dislocation densities can be fragmented into finer grains
affected by strain. However, there is still a high dislocation
density within some individual grains. The dislocation tangles
can be clearly observed in the grain boundary area through the
boundary slips. In addition, the feature of straight grain
boundaries and LAGBs is obvious in the initial grains with
low dislocation density. Therefore, the large angle grain
orientations eventually form through the similar polygons and
are annexed by the interacting subgrains in the grains with a
high dislocation density.

A micrograph after six passes of ECSEE deformation is
shown in Fig. 6(f), no obvious dislocations exist in the vast
majority of interior grain microstructure. Most of the grain
interfaces are thin, clear and flat, and the majority of grain size
is 200-300 nm. In Fig. 6(f), the equiaxed degree of grains A
and B is apparently less significant than that of grain C. The
Moiré fringes around subgrain boundaries are caused by low-
angle misorientations of neighboring grains along the TEM
electron beam direction. The presence of non-equilibrium grain
boundaries (Ref 3) was previously documented in materials
processed by HPT (Ref 5, 37) and ECAP (Ref 23, 27).

Fine equiaxed grains with HAGBs were observed in copper
after large plastic strains at room temperature using the
combination of torsion and compression (Ref 37). Moreover,
similar to the microbands observed in the rolling-induced
microstructure of copper (Ref 25, 33, 34), two-stage generated
microbands compose the chessboard microstructure. In the
multi-pass ECSEE process, the slip systems could change when

Fig. 6 TEM images of pure copper processed by multi-pass ECSEE: (a) one pass, (b) two passes, (c) three passes, (a) four passes, (e) five
passes and (f) six passes
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the strain path changes from one pass of ECSEE to the next.
Consequently, the dislocations not only interact with other
dislocations in the current active slip systems but also interact
with inactive dislocations generated from the previous ECSEE
pass. With the ECSEE strain increases, the isolated DCs may
become the isolated subgrains. The misorientation across the
SGBs increases with the further ECSEE strain and eventually
becomes large enough to transform the SGBs into LAGBs or
HAGBs.

Diffraction experiments of ECSEE-induced specimens with
different passes are performed over the bright phase region. The
diffraction phase zones are shown on the right top of Fig. 6. In
the low strain, the highlighting short dispersion curves of
diffraction spots illustrate that the grain boundary mainly
consists of small interfacial angles. As the forming passes
increase, the material distortion increases, and the diffraction
spot elongates. The diffraction spots gradually evolve into the
continuous loops, showing that as the deformation increases,
the grains are effectively refined with the HAGBs.

The histograms of the grain size distribution that ranges
from 200 to 890 nm are demonstrated in Fig. 7. The range of
grain size expands the small trend with the increase in passes.
The grain sizes measured by TEM are often larger than those
measured by EBSD.

Figure 8 shows the variation of average dislocation density
and average cell size of ECSEE-processed specimens. The cell
size measured indicates a dramatic decrease in the course of one
pass to two passes, and the gradual variation tendency presents
after the subsequent passes. In contrast, the dislocation density
increases until the three passes of ECSEE, at which a maximum
value of � 1.7 9 1014 m�2 reaches. The density value follows
by a decrease to a value of � 1.1 9 1014 m�2 after six passes.

In the SPD deformation, the high-density dislocations are
impelled by the intense strain of deformed materials by the
movement of different slip systems. When the dislocation
density in the cell walls reaches a certain critical value, part of
dislocations can annihilate at the cell boundaries. As a result,
the thickness of dislocation wall becomes thin and the cell size
decreases. As the dislocation cell size tends to a saturated value
with the continued plastic strain, a saturated grain size
equivalent to the minimum cell size is expected with the strain
increasing. The coarse grains gradually evolve into equiaxed
cells and subgrain structures. The shear-stress dislocation
model (Ref 8) above of the SPD refinement mechanism can
be used to explain on the increase in misorientation and cause

Fig. 7 Grain size distributions of copper after ECSEE passes: (a) one pass, (b) two passes, (c) three passes, (a) four passes, (e) five passes and
(f) six passes

Fig. 8 Cell size and dislocation density measured plotted as a
function of the number of ECSEE passes
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the transformation to the granular structure when the density
increases. The cell sharp becomes more equiaxed gradually
with the increase in ECSEE pass (see Fig. 6).

Many models have described the deformation of polycrys-
talline materials. Taylor�s model is the most appropriate for the
formation of equiaxed grains (Ref 31). Three kinds of grain
refinement mechanisms (Ref 7, 8): strain-induced grain refine-
ment, thermal mechanical deformation refinement and particle
refinement are popular in current SPD research. It is generally
accepted that the grain refinement is caused by dislocation
gliding, accumulation, interaction, tangling and spatial rear-
rangement in SPD-induced materials. Li et al. (Ref 20)
comparatively investigated the different SPD modes of ECAP,
ECSEE and torsion, and classified these as the combined
bending–torsion, combined tension–torsion and pure shear. The
torsion shear is typical one for ECSEE and TD, while tensile
breaking off for ECAP. Under the high passes deformation,
ECSEE showed double twist broken configuration, TD has a
single twist broken configuration, and ECAP retains the straight
grain refinement pattern. The authors consider this classified
method of forming mode is less rigorous. Normal strain and
shear strain are the basis of plastic deformation mechanics.
Simple shear is of significance in the refinement of SPD-
induced material (Ref 35). Simple shear leads a short stage of
continuous evolution in the localization, and intensive strain is
mainly located in the SBs. The cross-loading results in the
spatial networks of HAGBs. Similar to the combination of
torsion and compression, ECSEE provides a nearly uniform
simple shear with monotonic loading along fixed planes. The
SPD refinement mechanism is so complicated that no unified
theory system has emerged. Further investigations are required
to describe the SPD refinement mechanism.

3.4 Grain Refinement Mechanism of ECSEE

As confirmed by the OM, TEM micrographs and SAD
patterns as well as the EBSD analysis, the increase in
dislocation density and its accumulation in SBs and cell
structure (Fig. 8) at low levels of strain in low pass of ECSEE.
The increase in misorientations (Fig. 4a) by strain-induced
transition of LAGBs to HAGBs with further ECSEE strain. As
can be seen in Fig. 4 and 6, a large fraction of LAGBs is
formed after the initial deformation. As the pass increases, the
misoriented subgrains are more refined, the fraction of HAGBs
considerably increases. The spacing of dislocation or/and grain
boundaries decreases, and their misorientations increase by
accumulating strain. A homogeneous microstructure of

equiaxed grains is finally achieved at high levels of ECSEE
strain. It is concluded that the microstructure development
taking place during ECSEE is similar to the common mech-
anism of strain-induced grain refinement in copper processed
by other SPD approaches (e.g., cold-rolling (Ref 25), ECAP
(Ref 23, 27, 29) and HPT (Ref 37)). Grain refinement induced
by plastic strain in metals is a well-known phenomenon (Ref
33). Saturated grain sizes can be reached with increasing strain
when the recovery grain coarsening and the strain-induced
grain refinement are balanced.

3.5 Microhardness Examination

Hardness partly reflects the material�s resistance to plastic
deformation. The content of grain refining and dislocation is
attributed to the hardness of SPD-induced materials. Fig-
ure 9(a) shows the microhardness distribution along the radial
direction on the cross section for a multi-pass ECSEE deformed
specimen. The characteristics of gradient distribution are
obvious as the distance from the center point increases. The
hardness value is low in the center of specimens, whereas it is
greater near the surface area of specimen. Figure 9(b) shows
the hardness differences from two to six passes and one ECSEE
pass. On the areas closer to the specimen surface, the
differences in the hardness are smaller. This indicates that the
strengthen saturation is easy to achieve on the surface of the
deformed specimen. As the deformation increases, the rein-
forcement saturation gradually transits from the surface to the
interior of the bar specimen. As shown in Fig. 9(b), the distance
1 mm from the center, the hardness increases with the number
of passes. The increase occurs more rapidly at the inner
position, in contrast to that for the bar-specimen periphery. To
summarize, the hardness first reaches saturation at the bar-
specimen surface due to the characteristics of non-uniform
ECSEE deformation. As shown in Fig. 1, the ECSEE defor-
mation mode is similar to the torsional deformation. Both
modes have an inhomogeneous strain distribution. This manner
leads to the inhomogeneous hardness distribution observed
over the cross section of ECSEE-induced specimen. The
deformation uniformity and the reinforcement effect can
effectively improve as the deformation passes increase
(Fig. 9b). Mishra et al. (Ref 36) summarized the hardness as
a function of number of ECAP passes (data from different
sources). The hardness value of � 114 to � 143 Hv corre-
sponds to the specimen processed by 3 to 12 passes of ECAP.
Lugo et al. (Ref 37) measured the Vickers microhardness of the
samples processed by eight passes of ECAP and five turns of

Fig. 9 (a) Hardnesses plotted against the distance, (b) hardness differences plotted against the distance and (c) hardnesses plotted against the
strain
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HPT to be � 152 and � 150 Hv. The hardness saturation of
ECSEE is consistent with the above research data. Figure 9(c)
shows the statistical graph of microhardness versus strain
resulting of specimens in the distance from 1, 2, 3 and 4 mm.
The microhardness values as a function of strain give a unique
relation. The hardness increases up to a strain of � 4, and
thereafter, there is only a minor increase in hardness and
ultimately the hardness saturates at � 145 Hv. Furthermore, it
should be noted that we have found similar results also for
other SPD-induced materials.

This phenomenon can be primarily attributed to a decreasing
grain size accompanied with an increasing dislocation density.
Furthermore, for the single ECSEE pass, the increase in
microhardness at the relatively low strain seems to be attributed
to the strain hardening from dislocation and/or SGBs formation
rather than grain refinement (Ref 14, 15). However, the grain
boundary strengthening becomes more and more prominent.
For cold-deformed metals (Ref 38), the strength–structure
relationship can be typically described by the dislocation
strengthening and the boundary strengthening. The strengthen-
ing of grain boundary is related to the parameter of the average
grain size of deformed material (Ref 39), which is predicted
from the average grain boundary misorientation angle (Ref 40).
It appears that the critical angle plays an important role in
estimating the strengthening mechanism. As shown in Fig. 9,
the strengthening becomes weaker from the saturation of
dislocations and the grain refinement limit.

4. Conclusions

The deformation characteristics, microstructure evolution
and mechanical properties of pure copper subjected to the
multi-pass ECSEE process were studied using OM, EBSD,
TEM and microhardness measurements. The following con-
clusions were determined as follows.

1. The grain refining process of the ECSEE technique is a
severe non-uniform deformation process. The elongated
grains with an average grain size of less than 1 lm are
obtained in the low strain, whereas a more homogeneous
and equiaxed microstructure with a higher misorientation
angle is observed in the high strain.

2. The hardening/strengthening on the specimen surface first
reaches saturation due to the non-uniform characteristics of
the ECSEE deformation mode. The uniformity is effec-
tively improved as the number of ECSEE passes increases.

3. The microstructure evolution of the ECSEE deformation is
a dynamic equilibrium process induced by the shear defor-
mation associated with high dislocation density, cellular
structure, LAGBs and restructuring large angle grains.
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