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Abstract: Magnesium alloy is one of the structure 

metals of great potential. The hcp structure makes 

its plasticity is poor at room temperature, which 

severely limits the development of magnesium alloy. 

Magnesium alloy plastic problem can be resolved 

through grain refinement method, and equal channel 

angular processing is one of the more effective 

methods of grain refinement. In this paper, 

two-dimensional dynamic simulation of equal 

channel angular processing for magnesium alloy 

were done with the finite element software. The 

deformation of magnesium alloy was analyzed 

when die angle and die corner angle were different. 

The results show that: in the main deformation zone, 

when die angles were different, the sample 

deformation in the horizontal direction is very 

uniform. But in the sample longitudinally direction, 

the greater the die angle, the more uniform the 

sample deformation. Die corner angle has no 

significant effect on the uniformity of the 

longitudinally deformation of the sample, but its 

affects the size of the dead zone and sample 

warpage. 

Keywords: magnesium alloy; FEM; ECAP; 

die angle, die corner angle 

 

1 Introduction 

 

Magnesium alloys as the 21st century green 

engineering metal structural materials have the 

characteristics of low density, high specific 

strength and specific stiffness, damping 

performance is good, mechanical processing 

convenience and easy recycling etc with 

density and specific strength, stiffness, 

damping performance machining convenient 

and easy recycling. These advantages make it 

widely used in automotive, 3C aerospace and 

other fields[1,2]. However, magnesium and 

magnesium alloys are HCP structure[3], when 

the deformation temperature is below 225°C, 

plastic deformation is limited to the basal 

plane {0001}<1120> slip and pyramidal plane 

{1012}<1011> twinning, as shown in Figure 1. 

Its plasticity at room temperature is very low, 

which severely limits the magnesium and 

magnesium alloy applications [4]. 

 

Fig.1 HCP structure of magnesium alloy 

 

To realize the value of magnesium and 

magnesium alloys, we must firstly solve the 

plastic problem. From the Hall-Petch formula 

(1) it can be known that grain refinement can 

improve the strength and ductility of the 

material: 

 

5.0

0

 kds     （1）                  

Where s
 is yield strength, 0  is the yield limit 

of monocrystal, k is a constant and d is the grain 

size. Under normal circumstances, the material slip 

system number determines the value of Taylor 

coefficient. There is a positive relationship between 

the value of k and Taylor coefficients. magnesium 

and magnesium alloys Taylor coefficient is larger 

due to the hcp structure relative to the face-centered 

cubic and body centered cubic, so its k is larger, and 



 

the potential through grain refinement method to 

improve the magnesium alloy plastic of is much 

greater than the iron alloy, aluminum alloy, etc. 

[5,6].The reason why the grain finer material is high 

strength and hardness than the coarse grains of the 

material is mainly because of the relatively large 

area of grain boundaries of fine material[7]. 

Equal channel angular processing is developed 

by Segal[8] and is one of the most effective 

methods to improve one of the plastic material 

currently[9,10]. Many studies have proved the 

equal channel angular extrusion can 

significantly refine the material grain. Yao and 

Zhao et al [11] found the organization of the 

ultra-low carbon steel sample after 4 passes 

was refined significantly and the average grain 

size is reduced to 0.3 μm. Jiang and Da [12] 

extruded two kinds of Al-Mg-Mn alloy having 

similar composition but with and without Zr 

addition at 350°C and the crystal grains of 

1-2μm were obtained after six times. Xu and 

Qin et al [13] found the grain size of AZ31 

magnesium alloy with four times reduced from 

8.3μm to 2.5μm. ECAP die is shown in Figure 

2. Two channels of equal cross-sectional area 

intersected at a certain angle. One angle is die 

angle Φ, another is die corner angle Ψ. In 

Equal channel angular pressing process, the 

sample moves downward the punch pressure P. 

when it is through the die corner, the sample 

will produce the nearly ideal shear deformation. 

Since the deformation process does not change 

the cross-sectional shape and area of the 

material, so the total strain can be accumulated 

from repeated extrusion. Under ideal 

conditions, the size of the shear strain after one 

pass by the formula (2) [14,15] determined by: 
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In addition, the total equivalent strain after N 

passes can be represented by the formula (3) : 
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Only if one assumptions are met which is no 

friction, the formula (3)are only established 

[16]. Wu and Baker[17] have been verified the 

formula (3) through experimental study and 

have proved its rationality. Iwshashi and 

Horita[18] found that by finite element 

simulation when Φ = 90 °, Ψ = 0 °, dead zone 

is easily be produced, and when Φ = 90°, Ψ = 
20°, the dead zone can be minimized. 

 

 

 

Fig.2 Schematic representation of ECAP 

 

In this paper, dynamic simulation of AZ31 

magnesium alloy channel angular processing 

was done through the finite element software 

Deform-2D.The deformation under different 

process parameters were simulated, and the 

changes of field quantities in the process of 

magnesium alloy AZ31 ECAP deformation 

were analyzed. 

 

2 Finite element model 
 

The finite element software Deform-2D 

software is a set of process simulation system 

based on finite element for the analysis of 

metal forming and related industry forming 

process and heat treatment processes. During 

the simulation, the sample is magnesium alloy 

square sample AZ31 of size 12 × 12 × 60mm. 

Deform software material library has no the 

specific parameters of AZ31 magnesium alloy, 

so it is needed to determine the flow stress of 

AZ31 magnesium alloy relations, that is 

equation (4): 

                   
yc

mn         (4) 

Where c and y are constants, c = 205, y = 0. 

The strain index n = 0.044, the strain rate 

exponent m = 0.144. During equal channel 

angular processing, the geometry of the mold 

doesn’t change, so the die is set to a rigid body 

during the simulation process, the sample is a 

deformable body, so it is set as a rigid plastic 

body. The meshing number is 8000, and the 

node number is 8241. The die parameters 

include die channel angle Φ and die corner 

angle Ψ. Theoretically, die channel angle Φ 



 

and die corner angle Ψ are in the range of 0° to 

180°, but the actual die corner angle Ψ is 

preferably in the range of from 0° to 90°, the 

die channel angle Φ is preferably in the range 

of 90° to 150°. The specific parameters are 

shown in Table 1. In the finite element 

simulation process, the magnitude of the die 

corner angle is mainly decided by the radius of 

the outer arc of the die. The relationship of die  

corner angle, the die outer arc radius and of the 

width of the die channel can be deduced from 

Figure 3 [19]: 
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When die channel angle Φ=90°, 

]
2

[tan2 1

RL

R


         （6）                                                                                                                             

 

Fig.3 The relationship between the die corner angle, 

the die outer arc radius and of the width of the die. 

 

Table 1 The parameters for the simulations of the 

square-section channel of ECAP process 

  

When die channel angle was 90° and the 

value of the die corner angle were 15°, 26°, 

37° and 52°respectively, it is brought into the 

equation (6) and the corresponding radius R 

can be calculated, they respectively were 

2.79mm, 4.5mm, 6mm and 7.87mm. 

In order to analyze the uniformity of the 

deformation of the sample, Figure 4 gives 3 

section: top surface, middle surface and 

bottom surface. On each section 13 nodes are 

chosen respectively. The field quantities of 

these sections and nodes were analyzed.  

Fig.4 Sections and nodes selected to observe 

deformation 

 

3 Results and Analysis 

 

3.1 Effect of die channel angle 

 

Fig.5 Effective strain of nodes on three sections at 

different die channel angle: (a) Φ=90°(b) Φ=100°(c) 
Φ=110°(d) Φ=120° 
 

Table 1 shows each parameter value, the 

selected value of die channel angles are 90°, 

100°, 110° and 120°.The die corner angle is37° 

and the inner arc radius r is 2mm in the same 

time. Figure 5 shows the equivalent strain 

curve of different nodes on the three sections 

in this case. The horizontal axis of the curve 

represents distance of each node from the 

sample left side surface and the vertical axis 

represents the equivalent strain of each node. 

As can be seen from the figure the sample after 

deformed can be divided into three parts, 

namely the head deformation zone, the main 

deformation zone and tail deformation zone, 

which is consistent with the study of Xu[20] et 

al. The head deformation zone: This is the first 

extrusion part, which is 50-60mm part in the 

figure. The deformation of this part is very 

uneven, equivalent strain distribution gradient 

is bigger. The main deformation zone: This 

section takes up about 2/3 of sample along the 

length direction, which is 10-50mm part. In the 

horizontal direction, the equivalent strain 

distribution is uniform. But in the direction of 

perpendicular to the horizontal direction of 

Material AZ31magnesium alloy 

Temperature(℃)  250 

Punch Speed(mm/s)  8  

Die Displacement(mm)  0.6  

Friction Factor 0.15  

Die channel angle(°)   90  100  110  120 

Die corner angle(°)   15  26   37   52 



 

sample, the deformation is not uniform. The 

tail deformation zone: that is in the 

deformation stage, which is in the part of the 

0-10mm. This part deformation is not complete. 

if realized extrusion continuously of the 

sample, there is no tail deformation, and 

therefore this part can be negligible. It can also 

be seen from the figure, as die channel angle 

increases, the upper, equivalent strain gap of 

middle and lower three section gets smaller, 

that is, the greater the die channel angle, the 

more uniform deformation of the sample. 

 

3.2 Effect of die corner angle 

 

Fig.6 Effective strain of nodes on three sections at 

different die corner angle: (a) Ψ=15°(b) Ψ=26°(c) 
Ψ=37°(d) Ψ=52° 
 

Figure 6 represents the equivalent strain 

curve of different nodes on the three sections 

when the die corner angle are respectively 15°, 

26°, 37° and 52° whit the die channel angle of 

90°. It can be seen from the figure, the impact 

of the die corner angle on the sample 

equivalent strain is small, and has no obviously 

effect on the uniformity of the deformation 

geometry. But this does not mean that die 

corner angle does not affect the magnesium 

alloy ECAP deformation. Figure 7 presents the 

deformation of the sample and the grid during 

simulation when the die corner angle are 

respectively 15°, 26°, 37° and 52° whit the die 

channel angle of 90°. The four selected die 

corner angle could not avoid the formation of 

the dead zone. The dead zone is the gap 

between the sample and the die which forms 

when the sample is through the die corner. The 

dead zone area increases with increase of the 

die corner angle. So in order to produce a 

smaller dead zone in ECAP process, it is 

necessary to select a smaller die corner angle. 

The cell of sample part no extruded is 

rectangular, and when the sample was through 

the die corner, the cell deformed the rectangle 

was elongated, such as nodes p4, p5, and p6 is 

shown, when the sample is through the die 

corner, it was subjected to the shearing force. 

When die corner angles are different, warpage 

phenomenon of the sample tail occurs in 

different degrees, in other words, p1 p2 p3 is 

not kept horizontal. The larger the die corner 

angle, the greater the angle between the 

p1p2p3 and the horizontal direction, the 

warpage phenomenon of the sample is also 

more serious. when the die corner angle are 

37° and 52°, a small gap also formed between 

the die and the top and bottom surfaces of the 

sample, which may result in slightly reduced 

the size of the sample in the longitudinal 

direction after the extrusion. 

Fig.7 The deformation of the sample at different die 

corner angles: (a) Ψ=15°(b) Ψ=26°(c) Ψ=37°(d) 
Ψ=52° 

4 Conclusions 
 

The effects of the die channel angle and the 

die corner angle on sample deformation 

uniformity have been researched and analyzed 

by the two-dimensional finite element 

simulation of magnesium alloy ECAP process, 

and the following conclusions can be obtained: 

(1) The sample can be divided into three parts: 

the head deformation zone, the main 

deformation zone  and the tail deformation 

zone according to its deformation after the 

extrusion. 

(2) In the main deformation zone, the die channel 

angle has little effect on the uniformity of the 

sample deformation in longitudinal direction, 

the greater the die channel angle, the more 

uniform the specimen deformation in 

longitudinal direction. 

(3) The die corner angle has no significant effect 

on the uniformity of the sample deformation 

in longitudinal direction, The equivalent 

strain in horizontal direction does not 

significantly change when the die corner 

angles are different. 

(4) The die corner angles have a certain impact 

on the size of the dead zone and sample 

warpage. Dead zone area and the degree of 

warpage of the sample increase with the die 

corner angle increase, when the die corner 

angle are 37° and 52°, a small gap also form 

between the die and the top and bottom 

surfaces of the sample 
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Appendix 
 
Figure and table captions list 

Fig.1  HCP structure of magnesium alloy . 

Fig.2  Schematic representation of ECAP . 

Fig.3  The relationship between the die corner angle, the 

die outer arc radius and of the width of the die . 

Fig.4 Sections and nodes selected to observe 

deformation . 

Fig.5  Effective strain of nodes on three sections at 

different die channel angle: (a) Φ=90°(b) Φ=100°(c) 
Φ=110°(d) Φ=120° . 

Fig.6  Effective strain of nodes on three sections at 

different die corner angle: (a) Ψ=15°(b) Ψ=26°(c) 
Ψ=37°(d) Ψ=52° . 

Fig.7  The deformation of the sample at different die 

corner angles: (a) Ψ=15°(b) Ψ=26°(c) Ψ=37°(d) 
Ψ=52° . 

Table 1 The parameters for the simulations of the 

square-section channel of ECAP process
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Table 1 The parameters for the simulations of the square-section channel of ECAP process 

 

 

Material AZ31magnesium alloy 

Temperature(℃)  250 

Punch Speed(mm/s)  8  

Die Displacement(mm)  0.6  

Friction Factor 0.15  

Die channel angle(°)   90  100  110  120 

Die corner angle(°)   15  26   37   52 



Figures

Figure 1

HCP structure of magnesium alloy



Figure 2

Schematic representation of ECAP



Figure 3

The relationship between the die corner angle, the die outer arc radius and of the width of the die.

Figure 4

Sections and nodes selected to observe deformation



Figure 5

Effective strain of nodes on three sections at different die channel angle: (a) Φ=90°(b) Φ=100°(c) Φ=110°
(d) Φ=120°



Figure 6

Effective strain of nodes on three sections at different die corner angle: (a) Ψ=15°(b) Ψ=26°(c) Ψ=37°(d)
Ψ=52°



Figure 7

The deformation of the sample at different die corner angles: (a) Ψ=15°(b) Ψ=26°(c) Ψ=37°(d) Ψ=52°


