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Abstract: Finite element method (FEM) analysis was used to study the strain homogeneity in the ZK60 Mg alloy during
multi-pass cyclic extrusion and compression (CEC). In order to optimize the CEC processing, the effects of process
parameters on the distribution of total equivalent plastic strain were investigated. The process parameters include the friction
condition, and die geometry. The results show that the strain distributions in the workpiece are inhomogeneous after CEC
deformation. The strains of both ends of workpiece are lower than that of center region. The process parameters have
significant effects on the strain distribution. Friction between die and workpiece is detrimental to strain homogeneity. In order

to improve the strain homogeneity, a big corner radius and a low extrusion angle should be used.
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1 Introduction

As one kind of continuous 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 grains of
not easily deforming metals, such as magnesium alloys, since it imposes three-dimensional compression stresses
during processing.

The CEC processing was proposed by Richert[1], and it has been successfully used to produce a variety of
metallic materials with ultra-fine grain structures[2-7]. 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 as an extrusion die having a smaller diameter d, as illustrated in Fig. 1[5].
During the final extrusion pass, the opposite ram was removed in order to release the rod. The equivalent strain &

generated in the workpiece after n-pass CEC processing is given by the following equation[1, 6, 8]:
£=2(2n71)ln§ ey

Since strain affects the microstructure produced in the material, homogeneity of strain across the cross
section and longitudinal section of an extruded workpiece is of importance[9]. The stain homogeneity in the
ECAE has been widely studied using finite element method (FEM), and finds that the main factor affecting

strain homogeneity is the process parameters, which include friction between workpiece and die, die geometry
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[9-14]. In this paper, FEM was used to investigate the effects of process parameters on the strain homogeneity
during CEC processing with a view to providing optimized die geometries and deformation parameters for CEC

processing.

2 FEM simulation

The cylindrical die and workpiece can be simplified to an axisymmetric case. Fig. 2 shows the
axisymmetric FEM model for the simulation of the CEC processing. In the present study, D is 30 mm, d is 20
mm. The extrusion angle is 8 and the corner radius is ». The process parameters used in simulation are listed in
Table 1. The effects of process parameters on the strain were investigated after 4-passes CEC.

Isothermal, two-dimensional, axisymmetric plane-strain FEM simulations of the CEC processing have been
carried out using the commercial finite element software, MSC.SuperForm. In the simulation, the die and the
ram can be approximately considered as rigid bodies since their strength is much higher than the workpiece’s.
Automatic remeshing was used to accommodate large deformation during the simulations. A self adaptive step
length was used as the time step of the calculation. The simulation was performed at 350 °C and was kept under
isothermal condition. The friction between the billet and the die was modeled with the Coulomb friction law.

The most important data in FEM simulation is the material rheology[12]. A slight modification of the
material parameters maybe has a great influence on the numerical predictions[15]. To obtain results with a high
degree of confidence, the material rheology for the studied alloy was defined by compression stress-strain

curves, which were measured using a Gleeble 3500 machine at 350 °C, as shown in Fig. 2.

Table 1 Process parameters used in simulation

Parameters Values

Friction coefficients (L) 0,0.1,0.2,0.3

Corner radius (r) 0, 45, 60, 90 (°)

Extrusion angle (0) 1, 1.5,2 (mm)
Ram

‘Workpiece

Die
L1 Ram B

Fig.1 The axisymmetric FEM model for the CEC
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Fig.2 The true stress-strain curves of as-extruded ZK60 alloy at 350 °C

3 Results and discussion

3.1. Effect of friction

Fig. 3 shows the simulated total equivalent plastic strain (TEPS) distribution in the workpiece after 4-passes
CEC processing with different friction coefficients (i). Here corner radius (r) is set to be 2 mm, and extrusion
angle (0) is 45°, respectively. To obtain quantitative information regarding the strain homogeneity, the TEPS
distribution along radial direction (‘A-B’ in Fig. 3) and axial direction (‘C-D’ in Fig. 3) are plotted in Fig. 4. It
can be seen that, at the condition of p = 0.3, the TEPS of surface is higher about 18% than that of center, because
the friction force on the surface enhances the workpiece shear. With the friction coefficient decrease, the TEPS
near surface of workpiece is decreased clearly, and the center TEPS is increased slightly. It reveals that the
relative homogeneity of strain increased with the friction coefficients decreases. The simulated TEPS value is
also compared with the theoretical value obtained by Eq. (1), as shown in Fig. 4b. The theoretical plastic strain
after 4-passes CEC is about 5.67 in this study. About 87% of whole workpiece’s TEPS is large than theoretical
value at all friction conditions.

As shown in Fig. 3 and Fig. 4b, the TEPS distribution is inhomogeneous along the workpiece axis, and the
TEPS values of both ends are lower than that of middle part of the workpiece after CEC. With the decreasing of
friction coefficient, the uniform strain region in the middle part is obviously extended. Therefore, friction is a
disadvantageous factor during CEC processing, which on the one hand increases the deformation
inhomogeneousness and on the other hand may result in inner flaws of the workpiece[14]. Lubricant, such as

graphite powder, is used to reduce the effect of friction in practical pressing process[4, 5].
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Fig.3 Distribution of the total equivalent plastic strain (TEPS) in the workpiece after 4-pass CEC processing with different

friction coefficients.
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Fig.4 Variation curves of TEPS from (a) center to surface ‘A-B’ and (b) one end to another ‘C—D’ with different friction

coefficients.

3.2. Effect of corner radius

Die corner angle is another important parameter during CEC processing. The effects of corner radius on the
strain distribution are simulated with p = 0.2, 6 = 45°, and v = 8 mm/s respectively. Fig. 5 represents the
diversification of TEPS distribution in the workpiece after 4-passes CEC processing with different corner radii. It
is obviously that the corner radius has a significant effect on the strain distribution. With the increasing of corner
radius, the maximum value of TEPS is decreased. Compare with the condition of r = 0, the maximum TEPS,
which located in the surface of workpiece, is decreased about 38.5 % from 9.7 to 7.0 at condition of r =2. As a
result, the uniform strains region is obviously extended. Therefore, in order to improve the strain homogeneity
during CEC processing, a relative large corner radius should be used.

The TEPS value along radial direction ‘A—B’ and axial direction ‘C-D’ are plotted in Fig. 6. It can be seen
that, with the increase of corner radius, the TEPS in surface of workpiece is decreased dramatically (Fig. 6a).
However, the TEPS in center almost keep in same values. As a result, the strain homogeneity is improved with

the increases of corner radius. Djavanroodi et al[16] have recently shown that the increase of the corner radius



can improve the metal flow in the deformation region and decrease the deformation concentration.

Fig.5 Distribution of the TEPS in the workpiece after 4-pass CEC processing with different corner radii.
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Fig.6 Variation curves of TEPS from (a) center to surface ‘A—B’ and (b) one end to another ‘C—D’ with different corner radii.
3.3. Effect of extrusion angle

Fig. 7 represents the distribution of TEPS in the workpiece after 4-passes CEC processing with different
extrusion angles. Here other process parameters are set as L = 0.2, r = 2 mm, and v = 8 mm/s respectively. It can
be seen that with the increases of extrusion angles from 6 = 45° to 6 = 90°, the maximum value of TEPS is
increased markedly from 7.00 to 13.79, it is almost doubled in value. On the other hand, with the increase of
extrusion angle, the strain distribution becomes more inhomogeneous.

Fig. 8 represents the TEPS distribution along the marked lines ‘A-B’ and ‘C-D’ within the workpiece for
different extrusion angles. It shows that the extrusion angle has a severe influence on the strain homogeneity.
With a high extrusion angle that 6 = 90°, though the TEPS maximum value is much higher, the TEPS in the
center is almost same to the low extrusion angle condition. Obviously, the high extrusion angle is detrimental to

strain homogeneity.
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Fig.7 Distribution of the TEPS in the workpiece after 4-pass CEC processing with different extrusion angles.
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Fig.8 Variation curves of TEPS from (a) center to surface ‘A-B’ and (b) one end to another ‘C—D’ with different extrusion

angles.

4 Conclusions

The equivalent plastic strain distributions in the ZK60 during multi-pass CEC processing at 350 °C with
different process parameters were investigated using finite element method, with a view to providing an
optimized die geometries and deformation parameters. The main conclusions are as follows:

(1) The strain distribution is inhomogeneous in the workpiece after CEC processing, and the strain value of
both ends are lower than that of middle part. The equivalent strain value of about 82% to 90% of workpiece are
large than theoretical value in this study. The process parameters have significant effects on the strain
distribution. The strain homogeneity can be improved by adjust the process parameters.

(2) The strain distribution is severely effected by die geometries, such as extrusion angle and die corner
radius. A high corner radius and a low extrusion angle can improve the metal flow in the deformation region, and
then improve the strain homogeneity.

(3) Friction between die and workpiece is detrimental to strain homogeneity during CEC processing, but its

influence is relative lower than the die geometry.
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