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Abstract: Finite element method was used to study the strain distribution in ZK60 Mg alloy during multi-pass cyclic extrusion and 
compression (CEC). In order to optimize the CEC processing, the effects of friction condition and die geometry on the distribution of 
total equivalent plastic strain were investigated. The results show that the strain distributions in the workpieces are inhomogeneous 
after CEC deformation. The strains of the both ends of the workpieces are lower than that of the center region. The process 
parameters have significant effects on the strain distribution. The friction between die and workpiece is detrimental to strain 
homogeneity, thus the friction should be decreased. In order to improve the strain homogeneity, a large corner radius and a low 
extrusion angle should be used. 
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1 Introduction 
 

As one kind of continuously severe plastic 
deformation processing, cyclic extrusion and 
compression (CEC) seems to be more adaptable for 
industrial applications. Moreover, it is very suitable for 
refining the grains of not easily deforming metals, such 
as magnesium alloys, since they imposes three- 
dimensional compression stresses during processing [1]. 

The CEC processing was proposed by RICHERT 
and RICHERT [2], and it has been successfully used to 
produce a variety of metallic materials with ultra-fine 
grain structures [1,3−6]. The CEC processing is 
performed by pushing a workpiece from one cylindrical 
chamber to another chamber with equal dimensions. The 
inter-chamber can be considered an extrusion die having 
a smaller diameter [5]. During the final extrusion pass, 
the opposite ram is removed in order to release the rod. 
The equivalent strain ε generated in the workpiece 
after n-pass CEC processing is given by the following  

equation [2,6,7]: 
 

2(2 1) ln Dn
d

ε = −                             (1) 
 

where D is the chamber diameter and d is the extrusion 
die diameter, as illustrated in Fig. 1. 

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 
[8−14]. However, the strain evolution during the CEC 
has not been investigated. In this work, FEM was used to 
investigate the effects of process parameters on the strain 
homogeneity during CEC processing with a view to 
provide optimized die geometries and deformation 
parameters for CEC processing. 

                       
Foundation item: Projects (51074106, 50674067) supported by the National Natural Science Foundation of China; Project (09JC1408200) supported by the 

Science and Technology Commission of Shanghai Municipality, China; Project (2011-079) supported by the Shaanxi Scholarship Council, 
China; Project (20102015) supported by the Doctoral Startup Fund of TUST, China 

Corresponding author: WANG Qu-dong; Tel: +86-21-54742715; E-mail: wangqudong@sjtu.edu.cn 
DOI: 10.1016/S1003-6326(11)61405-2 



LIN Jin-bao, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1902−1906 

 

1903

 
2 FEM simulation 
 

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

 

Fig. 1 Axisymmetric FEM model for CEC 
 
Table 1 Process parameters used in simulation 

Friction coefficient Corner radius/mm Extrusion angle/(°)

0, 0.1, 0.2, 0.3 0, 1.0, 1.5, 2.0 0, 45, 60, 90 

 
Isothermal, two-dimensional, axisymmetric 

plane-strain FEM simulations of the CEC processing 
were carried out using the commercial finite element 
software, MSC. SuperForm. In the simulation, the die 
and the ram can be approximately considered rigid 
bodies since their strength was much higher than that of 
the workpiece. 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 kept under isothermal condition. The friction 
between the billet and the die was modeled with the 
Coulomb friction law. 

The most importance in FEM simulation is the 
material rheology [11,15]. To obtain results with a high 
degree of confidence, the material rheology for the 
studied alloy was defined by compression stress—strain 
curves measured using a Gleeble 3500 machine at    
350 °C, as shown in Fig. 2. Moreover, the FEM model 
has been verified in another paper [16]. 

 

 

Fig. 2 True stress—strain curves of as-extruded ZK60 alloy at 
350 °C 
 
3 Results and discussion 
 
3.1 Effect of friction 

Figure 3 shows the simulated total equivalent plastic 
strain (TEPS) distribution in the workpiece after 4-pass 
CEC processing with different friction coefficients (μ). 
Here the corner radius is set to be 2 mm, and the 
extrusion angle is 45°. The paths A−B and C−D are 
defined as shown in Fig. 4. The rectangle is the meridian 
plane of the cylindrical workpiece, path A−B is along the 
radial direction from axis to the surface of the workpiece, 
and the length is 10 mm; path C−D is along the axial 
direction located in the middle of the radius, and the 
length is about 90 mm. 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. 5. It 
can be seen that at the condition of μ = 0.3, the TEPS of   
the surface is about 18% higher than that of the center 

 

 
Fig. 3 Distribution of TEPS in workpiece after 4-pass CEC 
processing with different friction coefficients 
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Fig. 4 Illustration of section in workpiece for CEC 
 

  
Fig. 5 Variation curves of TEPS from center to surface A–B (a) 
and one end to another C−D with different friction coefficients 
(b) 

 
because the friction force on the surface enhances the 
workpiece shear. When the friction coefficient decreases, 
the TEPS near the surface of workpiece is decreased 
clearly, and the center TEPS is increased slightly. It 
reveals that the relative homogeneity of strain increases 
with decreasing friction coefficients. The simulated 
TEPS value is also compared with the theoretical value 
obtained by Eq. (1), as shown in Fig. 5(b). The 
theoretical plastic strain after 4-pass CEC is about 5.67 
in this study. About 87% TEPS of the whole workpiece is 
larger than the theoretical value under all friction 
conditions. 

As shown in Figs. 3 and 5(b), the TEPS distribution 
is inhomogeneous along the workpiece axis, and the 
TEPS values of both ends are lower than that of the 
middle part of the workpiece after CEC. With decreasing 
friction coefficient, the uniform strain region in the 
middle part is obviously extended. Therefore, friction is 
a disadvantageous factor during CEC processing, which 
increases the deformation inhomogeneity and may result 
in inner flaws of the workpiece [13]. Lubricant, such as 
graphite powder, is used to reduce the effect of friction in 
the practical pressing process [4,5]. 
 
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 μ=0.2, θ=45° 
and v=8 mm/s. Figure 6 represents the diversification of 
TEPS distribution in the workpiece after 4-pass CEC 
processing with different corner radii. It is obviously that 
the corner radius has a significant effect on the strain 
distribution. With the increase of corner radius, the 
maximum value of TEPS is decreased. Compared with 
the condition of r=0, the maximum TEPS located on the 
surface of workpiece is decreased by about 38.5 % from 
9.7 to 7.0 under the condition of r=2 mm. As a result, the 
uniform strain region is obviously extended. Therefore, 
in order to improve the strain homogeneity during CEC 
processing, a relative large corner radius should be used. 
 

 
Fig. 6 Distribution of TEPS in workpiece after 4-pass CEC 
processing with different corner radii 
 

The TEPS values along radial direction A−B and 
axial direction C−D are plotted in Fig. 7. It can be seen 
that, with the increase of corner radius, the TEPS on the 
surface of workpiece is decreased dramatically      
(Fig. 7(a)). However, the TEPS in the center almost 
keeps the same value. As a result, the strain homogeneity 
is improved with the increase of corner radius. 
DJAVANROODI et al [17] have recently shown that the 
increase of the corner radius can improve the metal flow 
in the deformation region and decrease the deformation 
concentration. 
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Fig. 7 Variation curves of TEPS from center to surface A–B (a) 
and one end to another C−D with different corner radii (b) 
 
3.3 Effect of extrusion angle 

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

 
Fig. 8 Distribution of TEPS in workpiece after 4-pass CEC 
processing with different extrusion angles 

Figure 9 represents the TEPS distribution along  
the marked lines A−B and C−D within the workpiece at 
different extrusion angles. It shows that the extrusion 
angle has a severe influence on the strain homogeneity. 
With a high extrusion angle θ=90°, though the TEPS 
maximum value is much higher, the TEPS in the center is 
almost the same under the low extrusion angle condition. 
Obviously, the high extrusion angle is detrimental to 
strain homogeneity. 
 

 
Fig. 9 Variation curves of TEPS from center to surface A–B (a) 
and one end to another C−D with different extrusion angles (b) 
 
4 Conclusions 
 

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

2) The strain distribution is severely affected 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) The friction between die and workpiece is 
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detrimental to strain homogeneity during CEC 
processing, but its influence is lower than that of the die 
geometry. 
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摘  要：利用有限元法研究 ZK60 镁合金在多道次往复挤压过程中的应变分布。为优化往复挤压工艺，研究摩擦

条件和模具结构尺寸对 ZK60 合金总等效塑性应变分布的影响。结果表明：ZK60 合金试样经往复挤压后内应变

分布不均匀。试样两个端部的应变量低于试样中间部位的应变量。工艺参数对应变分布的影响很大。试样和模具

间的摩擦不利于试样内应变量的均匀分布，因而应尽量降低摩擦。为了提高应变量的均匀分布，应该使用较大的

过渡圆角半径和较低的挤压角度。 

关键词：往复挤压；有限元法；摩擦；ZK60 镁合金；应变均匀性 
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