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Abstract - In recentyears, Research & Development in the
Severe Plastic Deformation (SPD) process involves various
experimental procedures of material forming that may be used
to impose very high strains on materials leading to grain
refinement, effective strain and hardness of the material. The
CEC process enables material to be deformed arbitrarily to
very large strains without changing the initial shape of the
sample. In the present investigation, Rigid Plastic Finite
Element Analysis is done using AFDEX software to investigate
the plastic deformation behaviour of a non-ferrous alloys
during its axis-symmetric extrusion and compression through
a die. The result shows that the effective strain has been
increased in each non-ferrous material after every CEC
process. The effective strain value of aluminium, brass, copper
and magnesium has increased from 0.8313 to 3.0751, 0.8336
to 3.1271, 0.8313 to 3.1174 and 0.8319 to 3.0975 up to 4t
cycles respectively. And also, it is noticed that the hardness
value has been increased in aluminium, brass, copper and
magnesium from 104.26 to 114.08, 299.04 to 417.27,44.11 to
45.68 and 56.2 after 4t cycles respectively.

Key words: Cyclic extrusion and compression (CEC), non-
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1. INTRODUCTION

Severe Plastic Deformation (SPD) methods are used
for processing ultrafine and nanocrystalline materials [1].
Applying extremely large deformation, exceeding the
conventional range of plastic strain, the refinement of
microstructure to the nanometric dimensions can be
obtained. SPD methods typically produce ultrafine materials,
however there are some data indicating the production of
materials with an average grain size of about 100 nm [1-2].
As one kind of continuously Severe Plastic Deformation
(SPD) processing, Cyclic Extrusion and Compression (CEC)
seems to be more adaptable for industrial applications.
Moreover, it is very suitable for refining the grains of non-
ferrous materials such as Aluminium, Brass, Copper and
Magnesium, since it imposes two-dimensional compression
stresses during processing [3].

The CEC processing was proposed by Richert [4],
and it has been successfully used to produce a variety of

metallic materials with ultra-fine grain structures [3,5]. The
CEC processing is performed by pushing a workpiece from
one cylindrical chamber having the diameter D to another
chamber with equal dimensions. The inter-chamber can be
considered an extrusion die having a smaller diameter d [6],
as show in fig. 1. The equivalent strain generated in the
workpiece after n-pass CEC processing is given by the
following equation [3,4,6].

D
E:4><n><ln(a)

Since strain affects the microstructure produced in
the material, the homogeneity of strain across the cross-
section and longitudinal section of an extruded workpiece is
of importance [8]. The strain homogeneity in the equal
channel angular extrusion has been widely studied using
finite element method (FEM), and it is found that the main
factor affecting the strain homogeneity are the process
parameters including the friction between workpiece and
die, and die geometry [6,8,9]. The present study focuses on
FEM tool used to investigation on the non-ferrous materials
during the CEC process. The finial result will suggest which is
the suitable material for the CEC process.

Adviser for metal Forming Process Design Expert
(AFDEX) is a general-purpose metal forming simulator,
which meets the following requirements for intelligent Bulk-
Metal- Forming Simulation (BMFS). Currently, AFDEX is
theoretically based on the rigid or elasto-thermoviscoplastic
finite element method. AFDEX 2D and AFDEX 2D/DIE use
quadrilateral finite elements. AFDEX 3D, AFDEX 3D/OPEN,
and AFDEX 3D/DIE employ tetrahedral elements. AFDEX
2D/DIE and AFDEX 3D/DIE are integrated die structural
analysis programs that accompany the respective BMF
simulators, AFDEX 2D and AFDEX 3D. AFDEX MAT provides
users with highly accurate true stress-strain curves for the
materials in use at room or elevated temperature [10].

2 MATERIALS USED AND DIE SPECIFICATIONS

Materials have been selected from the library of the
simulation software (AFDEX)
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2.1 MATERIALS USED

Minimum
Yield
Strength
(MPa)

Major
compositions
of material

SL.
No

Working

Material .rs
aterials condition

Silicon (0.40-
0.8), copper
(0.15),
magnesium
(0.8-1.2), iron
(0.7) and
manganese
(0.8-1.2)

Aluminium

a (6061) 100 Cold

Copper (58-
61), iron
(0.3),lead
(1.2-2.5) and
zinc
remaining

Brass

(CDA377) 170 Cold

Copper(cu-
30zn)

Copper (70)

and zinc (30) >0 Hot

Aluminium
(8.84), Silicon
(0.02), iron
(0.02), 150 Hot
manganese
(0.18) and
zinc (0.61)

Magnesium
d (AZ91)

2.2 DIE SPECIFICATIONS

The cylindrical die and workpiece can be simplified
to an axisymmetric case. Fig 1 shows the axisymmetric FEM
model for the simulation of the CEC processing. In the
present study, cylinder chamber diameter ‘D’ is 15 mm and
channel diameter ‘d’ is 12.5 mm. The conical die angle '8’ is

450,

Ram A

Workpiece

D2

i Ram B

Fig 1: Axis-symmetrical FEM model for CEC

3. SIMULATION PROCEDURE

During the simulation process, some assumptions are
considered for CEC process as followers.

1. The Die is considered as rigid body.

2. The extrusion billet is a rigid-plastic material

3. The friction factors between the workpiece, ram, and die
are constant i.e., 0.03.

4. The simulations consider the extrusion and compression
of non-ferrous materials. (Aluminium, Brass, Copper and
Magnesium)

The effects of process parameters on the strain were
investigated up to 4t cycle of CEC. Two-dimensional,
Axisymmetric plane-strain, Rigid-plastic FEM simulations of
the CEC processing have been carried out using the
commercial finite element software, AFDEX. In the
simulation, the die and the ram can be assumed as rigid
bodies since their strength is much higher than the
workpiece material. Automatic remeshing was used to
accommodate large deformation during the simulations. The
billet is auto-meshed with Quadrilateral element. After
meshing, the software gives the output model consists of
1120 nodes and 999 elements. A self-adaptive step length
was used as the distance of the calculation. The friction
between the billet and the die was modelled with the
Coulomb friction law.

UPPER RAM

WORKPIECE

LOWER RANM|

Fig 2: [llustration of the Cyclic Extrusion and Compression
(CEC) technique
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4. RESULTS AND DISCUSSIONS

4.1 Comparison of effective strain in different
materials during 1st cycle

B

f |
Aluminium Brass

Copper Magnesium

Fig 3: Materials after 1st cycle of CEC process
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EFFECTIVE STRAIN
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DISTANCE ALONG THE DIRECTION A-BIN MM
== cffective strain (al) =i cffective strain{ brass}
- cffective strain {copper) effective strain(Mg)
=i th. Strain

Fig 4: Effective strain of all four materials from the

distance (A-B) in 1st cycle

From the Fig 4, it can be seen that effective strain
induced in all the four materials along the length of the
specimen(A-B) is strain distribution is inhomogeneous in the
workpiece after 1st cycle of the CEC process. When the strain
value of the different materials was compared with the
theoretical strain value, the error observed in Aluminium,
Brass, Copper and Magnesium is 14%, 14.31%, 14% and
14.05% up to 15t cycle respectively.

4.2 Comparison of effective strain in different
materials during 2nd cycle

Aluminium Brass

Copper Magnesium

Fig 5: Materials after 2m cycle of CEC process

25

EFFECTIVE STRAIN

0 20 40 60 80 100
DISTANCE ALONG THE DIRECTION A-B IN MM
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e Effective strain (copper)
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Effective strain (Mg}

Fig 6: Effective strain of all four materials from the
distance (A-B) in 21 cycle

From the Fig 6, it can be seen that effective strain
induced in all the four materials along the length of the
specimen(A-B) is inhomogeneous in the workpiece after 2nd
cycle of the CEC process. When the strain value of the
different materials was compared with the theoretical strain
value, the error observed in Aluminium, Brass, Copper and
Magnesium is 11%, 10.74%, 11.88% and 12.58 % up to 2nd
cycle respectively. The error value is reduced when
compared to 1st cycle.
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4.3 Comparison of effective strain in different
materials during 3 cycle

g

Aluminium Brass Copper Magnesium

Fig 7: Materials after 3rd cycle of CEC process

Effective strain
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0

Distance along the direction A-B in mm
—@— Effective strain (al) —@— Effective strain{brass)
—&— Effective strain (copper) Effective strain {Mg)
—&— Theoretical Strain

Fig 8: Effective strain of all four materials from the
distance (A-B) in 31 cycle

From the Fig 8, it can be seen that effective strain
induced in all the four materials along the length of the
specimen(A-B) is inhomogeneous in the workpiece after 3rd
cycle of the CEC process. When the strain value of the
different materials was compared with the theoretical strain
value, the error observed in Aluminium, Brass, Copper and
Magnesium is 6.73%, 9.78%, 8.66% and 8.44% up to 3rd
cycle respectively. The error value is reduced when
compared to 2" cycle.

4.4 Comparison of effective strain in different
materials during 4t cycle

Aluminium Brass Copper Magnesium
Fig 9: Materials after 4th cycle of CEC process

2

Effective strain

D 20 40 60 80 100

Distance along the direction A-B in mm
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Fig 10: Effective strain of all four materials from the
distance (A-B) in 4t cycle

From the Fig 10, it can be seen that effective strain induced
in all the four materials along the length of the specimen(A-
B) is inhomogeneous in the workpiece after 4th cycle of the
CEC process. When the strain value of the different materials
was compared with the theoretical strain value, the error
observed in aluminium, brass, copper and magnesium is
5.42%, 7.20%, 6.87% and 6.19 % up to 4t cycle respectively.
The error value is reduced when compared to 3 cycle.
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4.5 Comparison of hardness for different materials

Brinell Hardness

BHN

Fig 11: Brinell hardness of different materials

The Fig 11 shows the simulation values of Brinell
hardness for different materials. It can be clearly seen from
the above plot, that the hardness value for Aluminium and
brass material is increased as compared to the other
material. Having Aluminium and brass can be preferred for
CEC process. BHN of Copper material has been increased is
hardness up to 31 cycle, then it has been decreased on the
4t cycle which clearly reveals that the material is about to
turn brittle so itis not good for CEC process. The magnesium
material is not showing any appreciable improvement in
hardness during CEC process.

5. CONCLUSIONS

Rigid Plastic Finite Element Analysis with AFDEX
software, is used to evaluate the plastic deformation
behaviour of a non-ferrous material during its axis-
symmetric extrusion and compression process through a
CEC die and the following conclusions are drawn.

The effective strain has been increased in each non-
ferrous material after every cycle of CEC process, the
Aluminium, brass, copper and magnesium has increased
from 0.8313 to 3.0751, 0.8336 to 3.1271, 0.8313 to
3.1174 and 0.8319 to 3.0975 up to 4 cycles respectively.

The BHN for Aluminium and brass has increased
from 104.26 to 114.08 and 299.04 to 417. 27. The BHN of
copper material has been increased hardness from 44.11 to
97.69 up to 31 cycle, then it is decreased to 45.68 after 4th
cycle, it is clearly noticed that the material is about to turn
brittle. So, it is not good for CEC process. And there is no
appreciable improvement in the hardness of the magnesium
material compared to other materials.
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