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a b s t r a c t
A novel severe plastic deformation (SPD) method entitled elliptical cross-section spiral equal-channel
extrusion (ECSEE) was proposed to fabricate ultraﬁne grained (UFG) pure copper. The principle of ECSEE
process was adopted to accumulate shear stress within the workpiece without any cross-section area
change. In order to primarily demonstrate the deformation characteristic and reﬁnement ability of ECSEE
method, the simulated and experimental investigations were both done. In the case of simulation, the
ECSEE-ed workpiece containing scribed grids was analyzed for the ﬂow net change. Simulated results
indicated the trend of effective strain distribution decreased from the circumferential area to the central
area on the cross-section of ECSEE-ed workpiece. In experimental investigations of a single-pass of ECSEE,
a signiﬁcant grain reﬁnement from 10–50 lm to 1–10 lm was mainly in the circumferential area of the
cross-section for processed workpieces. During the ECSEE deformation, shear strain as an essential role
conduced the grain reﬁnement. Besides, a signiﬁcant increase of hardness, from 40 Hv to 85 Hv,
was examined. The distribution characteristic of reﬁnement and hardness were both consistent with that
of simulated effective strain.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Ultraﬁne grained (UFG) or nanostructural materials are well
known due to their high strength and unique properties. Among
different approaches of fabricating these materials, severe plastic
deformation (SPD) methods are of more interest as they provide
UFG or even bulk nanostructural materials without contamination
or porosity [1,2]. In the last decades, the most common SPD methods included equal channel angular pressing (ECAP) [3], high pressure torsion (HPT) [4], cyclic extrusion compression (CEC) [5], twist
extrusion (TE) [6,7], accumulated roll bonding (ARB) [8] and constrained groove pressing (CGP) [9], etc. Nowadays, SPD technology
is emerging from the domain of laboratory-scale research into the
commercial fabrication of various UFG materials [1,2]. Therefore,
further studies are necessary to conducted on commercializing
these SPD methods [10,11]. To simplify and improve these processing operations or to achieve unique properties of materials processed by SPD, some efforts have been made on the modiﬁcations
of these methods [12–18].
In all the SPD methods, TE technique is becoming a hotspot of
the most promising industrial SPD method [6,7]. However, the
non-symmetric nature of processing restricts its application to
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only the rectangular section of blank [19]. Industrial raw materials
are basically circular section shape. Thus, the tedious process design of TE is probably restricted in the industrial application.
In order to overcome the aforementioned lacks of TE technique,
a novel SPD method named elliptical cross-section spiral equalchannel extrusion (ECSEE) was proposed in this paper. ECSEE
method can be facilely utilized on any standard extrusion equipments to accumulate torsion deformation for the material reﬁnement. Moreover, reversing the harmful friction into the impetus
of SPD is one of the advantages for ECSEE.
To study the ﬂow behavior of the material in ECSEE, a simulated
deformation grid of the transverse plane was observed using the
ﬂow net analysis of the ﬁnite element software, DEFORM-3D. Subsequently, both effective strains of plane distribution and tracking
points were examined through FEM. In order to primarily demonstrate its reﬁnement and applicability, the commercial pure copper
was executed by one pass of ECSEE processing, and the experimental investigations of metallographic and hardness were executed.
2. Principle of ECSEE
A schematic diagram of the ECSEE technique is shown in Fig. 1.
A round-bar workpiece is extruded out through a die with three
channel regions: round–ellipse cross-section transitional channel
L1, elliptical cross-section torsion transitional channel L2 and
ellipse–round cross-section transitional channel L3. Due to the
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Fig. 1. Schematic diagram of ECSEE.

special shape of die channel, the ECSEE-ed workpiece is subjected
to a severe plastic deformation, while the cross-section area remains constant. This feature allows the workpiece to be extruded
repeatedly for the deformation accumulation, which is essential
to reﬁne the microstructure and improve the property of materials
[2].
According to the principle of ECSEE, the deformation can be
identiﬁed as two basic forms: the round–ellipse/ellipse–round
cross-section transitional channel deformation and the elliptical
cross-section torsion transitional channel deformation. These are
mainly generated from the channel L1/L3 and L2, respectively. Considering the channel L2 displays a more signiﬁcant inﬂuence on the
accumulation of severe shear deformation than the counterpart of
the channel L1 and L3, so only to study the former.
Simply, the torsion deformation of the channel L2 is considered
as the counterpart of a cylinder with an elliptic-section and unchanged height L2 which is twisted in such a way that the top surface is rotated through an angle u with respect to the lower surface
(Fig. 2). Assume the minor-axis length is R, and m is the ratio of
major-axis and minor-axis length of the elliptic-section, so the major-axis length is expressed as mR. According to the unchanged
cross-section area of die channel, the following relationship is
obtained.
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3. Simulated and experimental procedure

pﬃﬃﬃﬃﬃ

¼

According to Mises criterion, the corresponding maximal strain
value can be calculated as well:

The theoretical value of strain in one single-pass of ECSEE is expected to be high for the grain reﬁnement. Based on Eqs. (3) and
(4), it is possible to attain different effective strain values per pass
by changing three primary parameters: the rotation angle u, the
channel L2 and the diameter D1. In practice, it is impossible to obtain an extreme high strain due to the required critical damage/
crack and actual processing conditions.

where D1 is the diameter of round cross-section of the workpiece
before and after ECSEE deformation.
Assume the deformed body is in a state of simple shear. Since
the state of strain is not homogeneous, and varies with the radial
position of the element considered, the corresponding strain distribution is similarly non-uniform. To calculate the strain in the channel L2 during the ECSEE processing, the initially a planar section
normal to the extrusion direction is studied. Generally, the total
torsion shear strain consists of both plastic one and elastic one.
However, for high plastic materials, the elastic shear strain is ignored, and the plastic shear one is approximately equal to the total
one. Therefore, the maximal shear strain cmax on the circumferential surface of one single-pass processed workpiece is given by:

cmax ¼ tan a ¼

Fig. 2. Illustration of a planar section of specimen normal to torsion extrusion
direction.

ð3Þ

where a is a torsion angle for the straight line parallel to the axis on
the surface under the shear strain cmax.

By means of DEFORM-3D V6.1 software, ﬁnite element simulation was carried out for cold extrusion with the plastic deformation
behavior of the materials [20], as:

r ¼ ken

ð5Þ

 is the effective Von-misses stress, e is the effective plastic
where r
strain, k is the strength coefﬁcient and n is the strain hardening
exponent.
According to the National Standard of China GB/T 228-2002
[21], the workpieces of the commercial pure copper (99.7 wt.%)
were determined experimentally by PWS-1000 universal compression test at room temperature and the strain rate of 0.01/s. Then
the experimental data were analyzed and obtained the parameters
of k = 432 MPa and n = 0.31 in Eq. (5). The workpieces used for the
ﬁnite element model were 10 mm in diameter and 35 mm in
length, the rigid upper was a rod punch with the diameter
10 mm, the extrusion die channel was a set as: D1 = 10 mm,
L1 = 7 mm, L2 = 10 mm, L3 = 7 mm, u = 90° and m = 1.55. Note that
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the cross-section area of the die channel is constant, whether for
the round one or the elliptical one.
With the aim of full recrystallization uniform annealing, the
experimental workpieces of pure copper were pretreated by
annealing at 650 °C for 2 h and furnace cooling [22]. Refer to the related literature about the extrusion speed of ECAP [23], the extrusion test was performed on the YA32-315 hydraulic press with the
speed of 1 mm/s and the lard lubrication.
Subsequently, the pretreated workpieces were wire-cut (the
cutting positions shown in Fig. 3), grinded at the waterproof abrasive papers, and mechanical polished with diamond powder. The
prepared workpieces were etched in 1 g FeCl3, 3 ml HCl and
20 ml H2O for 10 s to reveal the microstructure morphology.
Microstructure of polished workpieces surface was examined by
using an Olympus PMG3 optical microscope.
The Vickers microhardness tests were employed under HXP1000TM microhardness tester in a load of 100 g and a dwell time
of 15 s, following the Chinese national standards GB/T 4340.12009 [24]. As shown in Fig. 3, the measured points of hardness
were symmetrically selected starting from the center point to the
center point along the contour of the workpiece cross-section in
an anticlockwise direction. All the hardness values were measured
ﬁve times, and then taken the average.
4. Results and discussions
4.1. Effective strain distribution
The effective strain distribution on a random cross-section of
the workpiece deformed in channel L2 is shown in Fig. 4. The effective strain value of the circumferential part is high, even more than
1.1, while the counterpart of the central part is low, only in the
range of 0.18–0.37. The value gradually decreases from the circumferential area to the central area. A very obvious strain gradient
distribution is found on the workpiece cross-section. This decreasing trend of effective strain distribution is similar to the counterpart of TE research. Beygelzimer et al. [6] found that a strain
gradient distribution existed in the TE deformation behavior based
on the rotational and translational ﬂow ﬁelds.
ECSEE mainly generated from the torsion die channel L2 utilizes
the combination of shear strain and pressure stress to accumulate
strain for severe plastic deformation. Generally, the strain distribution on the cross-section of a torsion bar is inhomogeneous. It is
reasonable to anticipate from Eq. (4) that the effective strain distribution introduced by ECSEE will be extremely inhomogeneous. The
possibility of achieving a gradual evolution towards a homogeneous strain on the cross-section of ECSEE-ed workpieces is

Fig. 3. Cutting positions and selected locations of the metallographic observations
and microhardness tests.

Fig. 4. The simulated effective strain distribution of the cross-section.

processed by increasing either the applied rotation angle u and/
or the ratio of major-axis length and minor-axis length m, which
is equivalent to increasing torque for the torsion of ECSEE. One
can imagine that increasing the total numbers of revolution is good
for the homogeneous strain of ECSEE.
In addition, the ellipse shape of distribution is matched with the
elliptical cross-section shape of the ECSEE die channel L2. The value
of effective strain in left–right area is higher than that of the up–
down area. This especial distribution pattern is possibly due to
the severe shear deformation in the major-axis area of the elliptical
cross-section, while the minor-axis area is subjected to a less shear
deformation. The asymmetry cross-section shape of the channel L2
is probable the reason of inhomogeneous effective strain distribution. According to Eq. (4), the ratio of major-axis length and minoraxis length m is essential to the strain distribution pattern. High
value of m for the bigger elliptic rate can increase the torque, so
the strain distribution is more inhomogeneous. In addition, the
effective strain rotates with the plane torsion in the clockwise
direction. The more obvious ‘‘vortex’’ phenomenon is the closer
the strain is to the circumferential area.
4.2. Effective strain of tracking points
Fig. 5 shows, at the ﬁnal forming stage, the effective strain distribution of tracking points along the diameter direction through
the center point of cross-section and the circumference direction,
respectively. As shown in Fig. 5b, the distribution curve of effective
strain of tracking points along the circumferential direction presents an oval shape, which is consistent with the cross-section
shape of the ECSEE die channel L2. Note that the tracking points
only are chosen from a half cross-section of the channel, and the
other half is artiﬁcially symmetry. The two variations of effective
strain are both corresponding to the top curve above the dotted
line and the bottom one under the dotted line, respectively.
For the effective strain of radial distribution (Fig. 5c), the value
of central part is low, while the circumferential one is high. The results are consistent with the observations of effective strain distribution in the above-mentioned Section 4.1. That is also indicated
that the ECSEE deformation in the cross-section of workpieces is
an inhomogeneous deformation. Similar research was also reported in the deformation pattern of TE and HPT. For example, a
3D strain distribution established by Zhilyaev et al. [25] displays
a smooth increase in the total strain from the center to the periphery on the cross-section of HPT-ed samples. The reason of special
effective strain distribution pattern may be explained by the
torsion deformation of the unique ellipse cross-section of ECSEE
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cross-section. To conﬁrm the material transverse ﬂow, the deformation of ﬂow grid is analyzed (Fig. 6). The transverse box at different positions presents different forms. The grid in circumferential
direction, such as the representative grids I and III, has a most obvious change, and the square transforms into the unequal-sides parallelogram or the diamond. This observation of deformed ﬂow net is
related to the simple shear deformation mechanism [26]. Segal [27]
proposed that the simple shear played a very important role in the
SPD process. Notably, the central square grid just rotates a certain
angle (a representative grid II), similar to that during elongation,
according to Beygelzimer’s two-stage character of a simple shear
deformation hypothesis [28]. Compared to the only rotation of central grids, the ones in the circumferential direction, not only rotate,
but also change the sides (a representative grid III). This is other evidence that the ECSEE-ed workpiece undergoes very high strain at
the circumferential area and less at the center. The difference between two regions is due to the inhomogeneous ECSEE deformation. These different regions suffered different shear strain come
from the unique elliptical cross-section of ECSEE die channel. The
different regions of major-axis and minor-axis could be subjected
to different degrees of shear strain. Obviously, the central area is
imposed to a relative scarce shear strain. Such ﬂow net change indicates that large amount of redundant shear strain is mainly applied
in the circumferential area of the workpiece. The increase of inhomogeneous deformation may be eliminated by increasing the ECSEE pass.
4.4. Microstructure examination

Fig. 5. Effective strain of tracking points: (a) positions of tracking points; (b)
circumferential direction and (c) radial direction.

die channel. The different degrees of deformation maybe lead to
signiﬁcant differences in microstructures and mechanical properties for processed materials [2].
4.3. Flow net
ECSEE, like HPT and TE, unlike ECAP, is mainly characterized by
the intense material ﬂow being deformed within the workpiece

Fig. 7 shows the metallographs on the cross-section of processed
workpieces. The grain sizes of the segment 1 (the as-deformed
workpiece) are in the range of 10–50 lm (Fig. 7a). Annealed twins
are partially observed in the coarse grains. Compared to the as
-deformed workpiece, the grains of the circumferential area are
stretched, and even broken, appearing a different degree of deformation belt due to the severe shear plastic deformation (the right
of Fig. 7b). The grains of shear band sections were obviously reﬁned,
which also appeared in the observation of TE-ed sample’s microstructure [29].
In contrast, the inside ones have a little reﬁnement due to the
scarce shear strain suffered (the left of Fig. 7b). According to the
simulated effective strain distribution, the observations indicate
that the inhomogeneous deformation pattern of a decrease trend
is from the circumferential area to the central area on the crosssection. Hence, a deductive relationship between the grain reﬁnement and the strain distribution is obvious. Furthermore, there are
varying degrees of reﬁnements in different circumferential parts,
e.g. the obvious shear bands and grain reﬁnements are observed
in the position A, while the phenomenon is unobvious in the position B (Fig. 7c). The reason seems to relate to the quantity of shear
deformation suffered in different positions. Maybe the position A
locates the major-axis area of the elliptical cross-section, whereas
the position B does not possibly locate. The inhomogeneous reﬁnement is ascribed to the inhomogeneous deformation (Fig. 4). Compared to the observations of the positions of A and B, a slight
change of grain size (only reﬁned to 5–30 lm) occurs in the position C, namely the central area of the segment 3 (Fig. 7d). But for
the circumferential direction, the grains are signiﬁcantly reﬁned
to 1–10 lm in the position D (Fig. 7e). The obvious difference between circumferential area and central area is observed in the segment 3. Accordingly, it infers that increasing the deformation
passes may improve the regiment effect (only one pass of process
in this paper).
After one pass of ECSEE, the macrostructure was signiﬁcantly
reﬁned but was inhomogeneous, relating to the strain gradient imposed by the ECSEE torsion die channel geometry. The inhomoge-

496

C. Wang et al. / Materials and Design 43 (2013) 492–498

Fig. 6. Flow net of the transverse pattern.

Fig. 7. Metallographic observations of the workpieces’ cross-sections: (a) segment 1, (b) position A, (c) position B, (d) position C and (e) position D.

neous structural distribution of ECSEE-ed materials is a more
important question to be addressed. Similarly, a grain reﬁnement
gradient was found in TE-ed metals with enhancing the high ductility [30]. Besides, the evolution of structure observed is in a reasonable agreement with the results reported of HPT method [31].
4.5. Hardness variation
In view of the correlation between the hardness measurements
and the internal deformation, thereby hardness measurements
were performed to provide a simple and expedient procedure for

reaching conclusions on the deformation characteristics and the
degree of internal homogeneity within the processed workpieces.
Fig. 8a shows the hardness distribution along the circumferential
direction on the cross-section of the segment 2. The red1 curve represents the real value measured, and the blue curve is a virtual
symmetric one for the investigation. The measured value for the
as-deformed workpiece is 40 Hv. As shown in Fig. 8a, the elliptical shape of hardness distribution is similar to that of the elliptical
1
For interpretation of color in Figs. 1, 3–6, 8 the reader is referred to the web
version of this article.
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tion of processed workpieces. This non-uniform shear deformation plays an essential role in the grain reﬁnement of
ECSEE processing.
(2) To verify the simulation results, a single-pass of ECSEE was
executed for the pure copper material, and the metallographic and hardness homogeneity were measured. Metallographic observation indicates that the grains are reﬁned
from 10–50 lm to 1–10 lm in the circumferential area. In
addition, the hardness value of the circumferential area is
higher than that of the central area on the cross-section.
The distribution characteristic of reﬁnement and hardness
are both consistent with that of the simulated effective
strain.
(3) The numerical and experimental results provided useful theoretical and experimental guidelines for the ECSEE technique, which as a novel SPD method appears very
promising for obtaining UFG materials, thus extensive basic
researches on ECSEE are signiﬁcant to fabricate UFG and
even nanostructural materials.
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