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Abstract—Equal Channel Angular Pressing (ECAP) is currently
being widely investigated because of its potential to produce ultra-
fine grained microstructures in metals and alloys. A sound
knowledge of the plastic deformation and strain distribution is
necessary for understanding the relationships between strain
inhomogeneity and die geometry. Considerable research has been
reported on finite element analysis of this process, assuming three-
dimensional plane strain condition. However, the two-dimensional
models are not suitable due to the geometry of the dies, especially in
cylindrical ones. In the present work, three-dimensional simulation of
ECAP process was carried out for six outer corner radii (sharp to 10
mm in steps of 2 mm), with channel angle 105°, for strain hardening
aluminium alloy (AA 6101) using ABAQUS/Standard software.
Strain inhomogeneity is presented and discussed for all cases. Pattern
of strain variation along selected radial lines in the body of the work-
piece is presented. It is found from the results that the outer corner
has a significant influence on the strain distribution in the body of
work-piece. Based on inhomogeneity and average strain criteria,
there is an optimum outer corner radius.

Keywords— Equal Channel Angular Pressing, Finite Element
Analysis, strain inhomogeneity, plastic equivalent strain, ultra fine
grain size, aluminium alloy 6101.

[. INTRODUCTION

LTRA-FINE grained materials have been widely

investigated due to their improved mechanical properties
such as high strength and ductility. Various techniques have
been developed to obtain such mechanical properties. Among
these, the Equal Channel Angular Pressing (ECAP), originally
developed by V. M. Segal [1-2], is one of the effective
methods of obtaining materials with high strength and
toughness. In ECAP, a work-piece is pressed through a die
that contains two channels with equal cross-section meeting at
an angle 2¢ , having corner angle y and outer corner radius

R as shown in Fig. 1. Since the cross-section of the work-
piece remains unchanged, the process can be repeated until the
accumulated deformation reaches a desired level. High strain
can be achieved with multiple passes due to its cumulative
nature. In multiple pass, different routes may be employed;
Route A: in which the orientation of work-piece remains
unchanged in successive passes; Route B: in which the work-
piece is rotated by 90° about its longitudinal axis; Route C: in
which the work-piece is rotated by 180° about its longitudinal
axis.
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The work-piece under extrusion can be divided into four
zones namely (a) head (the front of the work-piece), (b) body,
(c) plastic deformation zone and (d) tail (the undeformed
portion at the end of the work-piece) as shown in Fig. 2. It is
important to know the effect of geometry on the distribution
of strain in these zones. The strain per pass can be calculated
by the equation (developed by Iwahashi [3])

g, :%[2cot(¢+‘/2/}+t//cosec(¢+gﬂ (D)

where & » 18 the equivalent plastic strain (termed as ‘strain’ for

convenience in this paper), 2¢ is the channel angle and Y is
the corner angle as shown in Fig. 1. It is a closed equation
with two parameters (i and 2¢ ), that predicts & P for a
given die geometry. The strain obtained from the equation
does not give details of strain variation across the cross
section of the work-piece. The distribution of strain is greatly

influenced by the outer corner radius and this can be obtained
by Finite Element Method.

Work-piece

2¢

Fig. 1: Schematic of ECAP

Finite element method is one of the important approaches to
understand the deformation occurring in the ECAP process.
Many FEM-based analyses have been performed to determine
the deformation behavior of materials and to estimate the
developed strain in the ECAP process. These include the
effect of friction on material flow [4], the influence of material
model [5], the effect of back pressure on the strain [6], the
effect of the channel angle on the deformation of work-piece
and the dependence of the strain achieved in the work-piece
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on parameters like coefficient of friction, corner radius etc. [7-
13]. Yoon et. al [14] presented effect of outer corner radius
and strain hardening exponent. All these works are based on
assumption of two-dimensional plane-strain condition.
Recently three-dimensional models have been used for the
analysis [15 - 18] but no extensive work has been reported.

Work-piece
_ Die

Fig. 2: Different zones of deforming work-piece (a) head (b) body (c) plastic
deformation zone (d) tail

In the present study, a three-dimensional deformation
analysis was carried out for six outer corners, sharp to 10 mm,
in steps of 2 mm, with channel angle of 105°. The motivation
was to understand the influence of the outer corner radius on
material flow and strain inhomogeneity. The general-purpose
finite element software ABAQUS/Standard, which has the
capability to model non-linear stress analysis accurately and
reliably [19], was used. The influence of outer corner radius
on the distribution of strain in the important zones for all radii
is presented and discussed.

To understand the pattern of strain variation, five radial
lines, separated by 45° were chosen for study as shown in
Fig. 3. The line from the center of the work-piece to the upper
surface was denoted as Line-1 and to the lower surface was
denoted as Line-5. Variation of strain along these lines is
presented and discussed. In addition to the variation of strain
along the radial lines, average strain and strain inhomogeneity
across different sections in the body of the work-piece are
presented and discussed.

Upper Surface

Lower Surface —*
Fig. 3: Radial lines considered for study

II. FINITE ELEMENT SIMULATION

In the present work, a three-dimensional model was
considered for analysis to understand the influence of outer
corner of the die on strain distribution. Two dimensional plane
strain approximation can be used when the thickness of the
work-piece is very large and plane stress approximation can
be used when the thickness is very small. Both the plane strain
and plane stress conditions are not applicable for the round
work-piece used in ECAP. Axi-symmetric approximation is
not suitable because the axis of the channels intersect at an
angle 2 ¢ . Results obtained by two-dimensional analysis give

limited information in addition to the inherent two-
dimensional approximation errors. three-dimensional analysis
gives clear idea of strain in different zones at different
sections.

A cylindrical work-piece of diameter 20 mm and length 105
mm, made of aluminum alloy was used. At the front side,
filleting of 1 mm x 1 mm was done. Only half portion of
work-piece and die was considered for modeling because of
the symmetry about the parting surface. Material used for
work-piece was Aluminum alloy AA 6101 with flow stress

given by 0, = 208" | obtained experimentally [21] using

compression test. A Yield stress of 75.8 MPa, Poisson’s ratio
of 0.33 and Young’s modulus of 69 GPa were assumed. The
work-piece was modeled with 7600 nodes and 6320 elements
using 8 node linear hexahedral elements (C3DS8)[19]. The
stress-strain curve used for analysis is shown in Fig. 4. It was
assumed that the hardening behavior was isotropic and
independent of strain rate at room temperature. Heat generated
due to deformation and friction was neglected. The coefficient
of friction was assumed to be 0.1, which was a reasonable
value for cold forming condition.
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Fig. 4: Stress-Strain curve of AA6101 Aluminum

The die considered for analysis was made of high strength
steel. As the strength and rigidity of steel die were very high
compared to aluminium, the die was modeled as rigid surface
with linear quadrilateral elements (R3D4)[19]. Because of the
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symmetry only half portion was considered for analysis as
shown Fig. 5. Six different conditions were considered to
model the die with channel angle 105° for different outer
corners, namely, sharp, 2 mm, 4 mm, 6 mm, 8 mm and 10
mm, denoted as R00, R02, R04, R06, RO8, and RI10
respectively. Numbers of elements and nodes used varied
between 2300 and 2700, depending on the outer radius of the
die.

—V

Fig. 5. Die and the internal surface used for meshing

The boundary conditions applied to the model were as
listed below:

e Displacement and rotation in X, y and z direction for
all nodes in the die were arrested.

e As the conditions were symmetric about the parting
plane of the work-piece, only half portion was
modeled and all the nodes of the work-piece on this
plane were given symmetry condition. The symmetry
boundary condition arrests the displacement in the
direction perpendicular to the plane and rotation
about other two directions.

e The top surface of the work-piece was in contact
with the punch resulting in the movement of the
work-piece. Hence, all nodes on the top surface of
the work-piece were given displacement in the
direction of movement of the punch.

A. Average equivalent plastic strain:

The average equivalent plastic strain in the body of the
work-piece was obtained by

_ 1 n_i
Avgz, = ;ng ©)
i=1

where 7 is number of nodes in the body of the work-piece

and & 1’; is equivalent plastic strain at the node i .

B.  Quantification of Strain Inhomogeneity
In the literature [5, 17 and 20] inhomogeneity is expressed

as an index (C, ), which is defined as

C - Maxfp —Minép

i

3
Avge, ®

where Mapr, Ming, » and Avgép are maximum, minimum

and average equivalent plastic strains respectively. In defining
inhomogeneity in this form only the difference between two
extreme values of the strain is used. It does not take into
account the distribution of strain. Hence in this work, a more
appropriate way of quantifying the strain inhomogeneity is
adopted, given by coefficient of variance of strain (CVEP ),

defined as
Stdeve ,

Avge,

Cre, =

P

“)

where Stdeve, is the standard deviation of equivalent plastic
strain [22]. The inhomogeneity defined in the form of Cre,

is a better measure as it uses standard deviation, which is
based on distribution of strain in the entire domain. In case of

ideal homogeneity both C;and CV&, will have the value of

ZE10.
III. RESULTS AND DISCUSSION

Based on the results obtained from the simulation, the
influence of the outer corner on plastic deformation zone, the
strain distribution in the body and the strain variation along
the selected radial lines are discussed in this section. This will
help to understand and correlate the distribution of strain,
microstructure and other material properties in the ECAP
process.

A. Influence on the plastic deformation zone:

The plastic deformation zone was found to be narrow for
sharp corner dies. As corner radius increased, the plastic
deformation zone widened and covered the corner angle |/ as

show in the Fig. 6(a-f).

B. Influence on strain distribution over the work-piece body:

The Iwahashi strain obtained by Eqn.1 and the simulated
average strain obtained by Eqn.2 for the body of the work-
piece are shown in the Fig. 7. The trend was linear with the
average strain reducing with the increasing outer corner
radius. However there was a difference of 6% between
Iwahashi strain and simulated strain mainly due to the
complicated geometry at the intersection of cylindrical
channel, unlike rectangular channel assumed by Iwahashi and,
secondly, the presence of initial corner gap.

The coefficient of variance of strain C VEP obtained using

the Eqn. 4 for different outer corners is shown in Fig. 8. The
figure shows the influence of outer corner radius on the
inhomogeneity with an optimal value around 4 mm for the
cases studied. In case of sharp and small outer corner dies,
high strain is developed during deformation at the outer corner
and is more than the average strain. In case of larger outer
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corner dies, the strain developed during deformation at the

outer corner is lower than the average strain. Therefore both
small and large outer corner dies result in higher 100
inhomogeneity while an intermediate outer corner results in & bozcuﬁ:t—__-g
minimum inhomogeneity. For the material and working % 0.75
conditions assumed the optimum outer corner radius was o . ‘
@ —0— Simulation
found to be 4 mm. s 050 :
z = Theoretical
PEEQ 0.25
(hve. Crit.: 75k)
T *2
0.00 - - - ; .
ROO ROZ RO4 ROG ROB R10
Quter Corner

Fig. 7: Average equivalent plastic stain in body of the work-piece and
Iwahashi strain
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Fig. 8: Coefficient of Variance of strain in the body of the work-piece

C. Influence on strain distribution along the work-piece axis:

Inhomogeneity exists along the axis of the work-piece also.
To study this, forty sections along the axis of the work-piece
(numbered 1 to 40 between sections A and B as shown in Fig.
6(a)) were considered. Section A was 80 mm and section B
was 25 mm away form the leading point of the head,
enclosing the useful portion of the work-piece.

The strain inhomogeneity at the sections considered is
shown in Fig. 9. The variation in strain inhomogeneity was
very high for the dies with sharp and 2 mm corner. For all
other dies the strain inhomogeneity increased towards the
head (towards section B - Fig. 9). This can be attributed to
variation in the opposing frictional force in the exit channel
and the presence of an initial corner gap. Formation of an
initial corner gap was observed for all cases. As the process
continued backpressure developed and the corner gap started
filling. For larger outer corners, the corner gap was filled
quickly and there was no further change in geometrical
parameters resulting a constant strain inhomogeneity. For
sharp and smaller corners it took more time to fill the corner
gap with continuous change in the geometrical parameters
resulting in a large variation in strain inhomogeneity.

Plastic deformation zone

Fig. 6: Equivalent plastic strain along the longitudinal section (a) Sharp (b) 2
mm (¢) 4 mm (d) 6 mm (e) 8 mm (f) 10 mm outer corner
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Fig. 9: Coefficient of Variance of strain at different sections in the body of
the work-piece
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Fig. 10: Average strain at different sections in the body of the work-piece

The average strain at different sections along the axis of
work-piece body is show in Fig. 10. For all cases the average
strain decreased towards the head, which can be attributed to
presence of initial corner gap and it’s filling due to
backpressure as explained above.

D. Influence on strain distribution along radial lines:

Figure 11(a-f) shows the distribution of strain across the
work-piece body at section-A for different outer corners.
There was a gradual change in the strain distribution from one
section to another. Figure 12(a-f) shows the variation of strain
averaged between sections A and B along the radial lines. It
indicates that the influence of outer corner radius on the strain
distribution along the radial lines is significant.

e Along the lines from the center to the upper surface
(Line-1 and Line-2) strain remained constant up to 80%
of the radius and increased near the surface for all
cases. The increase in strain near the upper surface was
due to deformation at the sharp inner corner. There was
no influence of outer corner radius on the strain
distribution along these lines.

e  Strain remained constant along the line from the center
to the side surface (Line-3) and was not influenced by
outer corner for all cases.

e Along the lines from the center to the lower surface
(Line-4 and Line-5) the strain remained constant up to
50% of the radius. Further the strain decreased for
larger outer corners but decreased for sharp and 2 mm
corner radius dies. The influence of outer corner radius
was very high on the strain distribution along these
lines.

In general from the center up to 50% of the radius the strain
was more or less constant, which implies that the contribution
to the strain inhomogeneity from the core is lesser than the
remaining outer region.

Fig. 11: Equivalent plastic strain across the Section-A in the work-piece body
(a) Sharp (b) 2 mm (c¢) 4 mm (d) 6 mm (e) 8 mm (f) 10 mm outer corner

PEEQ
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+1.20e+00
+1.00e+00
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Fig. 12: Equivalent plastic strain (averaged over the body between section A and B) along the radial lines

IV. ConcLusioN

Three-dimensional finite element analysis was carried out
for different outer corner radii in equal channel angular
pressing with 105° channel angle. Isotropic strain hardening
aluminium alloy AA6101 was chosen as material.

The study revealed the following:
e  The radius of outer corner of the die had an important

role on strain (equivalent plastic strain Ep)

distribution in the work-piece.

e  The average strain decreased from 0.97 to 0.85 as the
outer corner radius was increased from zero (sharp)
to 10 mm.

e Strain inhomogeneity was found to be high for both
sharp and large outer corner dies, with a minimum in
between which could be regarded as optimal shape
for outer corner. Such an optimal outer corner was
found to be 4 mm for the cases studied.

e The average strain was found to decrease towards the
head of the work-piece for all cases.

e Strain was more or less uniform for about half the
diameter of work-piece (inner core) while the strain
distribution was found to be quite significant in the
periphery, extending to about half the thickness of
the work-piece.
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