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Abstract. Magnesium alloys are one of the highly promising structural metals. hcp structure makes it less
plastic at room temperature, which greatly limits the development of magnesium alloys. The problem of poor
plastic deformation of magnesium alloy can be solved by grain refinement methods, and equal channel angle
pressing is one of the more effective methods in grain refinement. In this paper, two-dimensional dynamic
simulation of equal channel angle pressing of magnesium alloy is carried out by using finite element software
DEFORM F2TM. The deformation of magnesium alloy with different of die angles and die corner angles was
analyzed. The results show that in the main deformation zone, when the die angles are different, the deformation
of the workpiece in the horizontal direction is very uniform. However, in the longitudinal direction of the
workpiece, the larger the die angle is, the more uniform the workpiece deformation is. The die corner angle has no
significant effect on the uniformity of workpiece deformation in the longitudinal direction, but it has an effect on
the dead zone area and workpiece warpage. The dead zone area and workpiece warpage increase with the
increase of die angle.

Keywords: Magnesium alloy / finite element method / numerical simulation / ECAP / die angle /
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1 Introduction

Asa21stcenturygreenengineeringmetal structurematerial,
magnesium alloy is characterized by low density, high
specific strength and stiffness, good damping performance,
convenient machining and easy recycling [1–4]. These
advantagesmake itwidely used in automotive, 3Caerospace
and other fields [5–7]. However, magnesium andmagnesium
alloys are HCP structure [8], when the deformation
temperature is below 225 °C, plastic deformation is limited
to the basal plane {0001}<11 2 0> slip and pyramidal plane
{10 1 2}<10 1 1> twinning [9–12]. Figure 1 gives HCP
structure of magnesium alloys. Its plasticity at room
temperature is very low, which severely limits the magne-
sium and magnesium alloy applications [13].

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
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refinement can improve the strength and ductility of the
material:

ss ¼ s0 þ kd�0:5; ð1Þ
where ss is yield strength, s0 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 are 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. [14–16]. The main
reason why finer-grained materials are stronger and harder
than coarser-grained materials are that fine materials have
a relatively large grain boundary area [17,18].

Equal channel angular processing is developed by Segal
and is one of themost effectivemethods to improveoneof the
plastics materials currently [19–21]. Many studies have
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Fig. 1. HCP structure of magnesium alloy.

Fig. 2. Schematic diagram of an ECAP die.
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proved the equal channel angular extrusion can signifi-
cantly refine the material grain. Aiming at the research on
the deformation mechanism of equal channel angular
extrusion, Xu et al. [22] studied the deformation
uniformity of multi-pass ECAE process by using finite
element analysis. He et al. [23]. found that isometric angle
extrusion was performed on Fe-0.8C all-pearlitic steel at
923K. After one isometric angle extrusion, the carburized
lamellae were bent, kinked and fractured, and their
spacing was significantly reduced. After four passes, the
grain size was submicron ultra-fine biphasic (ferrite+
carburite) and transformed the planar lamellae into
equiaxed three-dimensional grains. Dynamic and contin-
uous recrystallization occurs during the isometric angular
extrusion deformation, forming isometric ferrite grains
with an average size of 400 nm. Jiang and Da [24] 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 1-2mm were obtained after six times. Figure 2
shows schematic diagram of an ECAP die. Two channels
of equal cross-sectional area intersected at a certain angle.
One angle is died angleF, another is dying corner angleC.
In Equal channel angular pressing process, the billet
moves downward the punch pressure P. when it is through
the die corner, the billet 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) [25–28] determined
by:

g ¼ 2 cot ðfþ f

2
Þ þ f cosec ðfþ f

2
Þ ð2Þ
In addition, the total equivalent strain after N passes
can be represented by the formula (3):

e ¼ Nffiffiffi
3

p ½2 cot ðe
2
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Only if one assumption is met which is no friction, the
formula (3) is only established [29,30]. Some researchers
[31,32] have been verified the formula (3) through experi-
mental study and have proved its rationality. Throughfinite
element simulation, it is found that the dead zone is easily
generated when F=90° and C =0°, while it can be
minimized when F=90° and C =20° [33–35].

When C = 0, F=2 f, the above formula can be
described as:

e¼ 2Nffiffiffi
3

p cotf ð4Þ

This formula is consistent with the equivalent strain
accumulation formula derived by Segal earlier using the
slip line method [36].

In this paper, dynamic simulation of AZ31 magnesium
alloy equal channel angular processing was carried out
through finite element software Deform-2D, which simu-
lated the deformation under different process parameters
and analyzed the changes of field quantities during the
deformation of magnesium alloy AZ31 ECAP.

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 simula-
tion, the billet is magnesium alloy square billet AZ31 of size
12� 12� 60mm. Deform software material library has no
the specific parameters of AZ31 magnesium alloy, so it is



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

Material AZ31 magnesium alloy

Temperature (°C) 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

Fig. 3. The relationship between the die corner angle, the die
outer arc radius and of the width of the die.
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needed to determine the flow stress of AZ31 magnesium
alloy relations, that is equation (5):

s ¼ cenem þ y ð5Þ
Where c and y are constants, c=205, y=0. The strain

index n=0.044, the strain rate exponentm=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 billet 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 F and die corner angle C . Theoretically,
die channel angleF and die corner angleC are in the range
of 0° to 180°, but the actual die corner angle C is preferably
in the range of from 0° to 90°, the die channel angle F is
preferably in the range of 90° to 150°. The specific
parameters are shown in Table 1. During the finite element
simulation, the size of the die corner angle is mainly
determined by the radius of the outer arc of the die.
Figure 3 gives the relationship between the die corner
angle, the die outer arc radius and the width of the die
channel. From Figure 3, the relationship between
die corner angle, the die outer arc radius and width of
the die channel can be deduced [37,38]:
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When die channel angle F=90°,

f ¼ 2 tan �1½ R

2L�R
� ð7Þ
When die channel angle was 90° and the value of the die
corner angle were 15°, 26°, 37° and 52° respectively, the
corresponding radius R can be calculated by bringing them
into equation (7), and they are 2.79mm, 4.5mm, 6mm, and
7.87mm, respectively.

In order to analyze the uniformity of the deformation of
the workpiece. Figure 4 gives three sections and nodes
where the deformation was observed: the upper surface, the
middle surface and the lower surface. Thirteen nodes were
selected for each section. The field quantities of these
sections and nodes were analyzed.

3 Results and analysis

3.1 Effect of die channel angle

Table 1 shows each parameter value, the selected value of
die channel angles is 90°, 100°, 110° and 120°.The die corner
angle is 37° and the inner arc radius r is 2mm in the same
time. Figure 5 shows the effective strain of nodes on three
sections of workpiece: (a) F=90°; (b) F=100°; (c)
F=110°; (d) F=120°. The horizontal axis of the curve
represents distance of each node from the workpiece left
side surface and the vertical axis represents the equivalent
strain of each node. As can be seen from the figure the
workpiece 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 et al. [39]. 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
workpiece along the length direction, which is 10–50mm



Fig. 4. Sections and nodes selected to observe deformation.

Fig. 5. Effective strain of nodes on three sections of workpiece: (a) F=90°; (b) F=100°; (c) F=110°; (d) F=120°.
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part. In the horizontal direction, the equivalent strain
distribution is uniform.But in the direction of perpendicular
to the horizontal direction of workpiece, 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 workpiece, there is no tail deformation,
and therefore this part can be negligible. From the figure, it
can also be seen that with the increase of the die channel
angle, 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 workpiece.

3.2 Effect of die corner angle
Figure 6 represents the equivalent strain curves at different
nodes of the three cross-sections when the die corner angle
are 15°, 26°, 37° and 52°, respectively, and the die channel
angle is 90°. From the figure, it can be seen that the die
corner angle has little effect on the size of the equivalent
strain of the workpiece, and has no significant effect on the
deformation geometry and deformation uniformity of the
workpiece. But this does not mean that die corner angle
does not affect the magnesium alloy ECAP deformation.
Figure 7 presents the deformation of the workpiece and the
mesh 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 prevent
the formation of the dead zone. The dead zone is the gap
formed between the workpiece and the die as the workpiece
passes through the die corners. The area of the dead zone
increases as the angle of the die corner angle increases.
Therefore, it is necessary to select smaller die corner angles
in order to produce smaller dead zones in the ECAP
process. The element of the unsqueezed workpiece is



Fig. 6. Effective strain of nodes on three sections of workpiece: (a) C=15°; (b) C=26°; (c) C=37°; (d) C=52°.
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rectangular, and the rectangular element deforms into an
elongated shape, as shown at nodes p4, p5, and p6, which
are subjected to shear when the workpiece passes through
the die corner. When the mold corner angle is different, the
tail of the workpiece will appear different degrees of
warping phenomenon, that is, p1, p2, p3 can not maintain
the level. The larger the die angle, the larger the angle
between p1, p2, p3 and the horizontal direction, and the
more serious the warpage of the workpiece. When the die
channel angles are 37° and 52°, a small gap is also formed
between the die and the upper and lower surfaces of the
workpiece, which may result in a slight reduction in the
longitudinal dimension of the extruded workpiece.

The deformation characteristics of the ECAP process
were analyzed and an algorithm for rigid-plastic finite
elements was given. The mechanism of the ECAP process
for square and round workpieces were analyzed using the
commercial metal forming finite element code DEFORM-
2D. From the results of the study, the die geometry of
ECAP has a large influence on the extrusion process. The
strain distribution on the ECAP with different die channel
angles is the same, and the derived equation (3) agrees well
with the actual simulation results. A range of optimum
values for the die channel angle and die corner angle is
given, taking into account the effect of deformation
intensity and stress on the die. For materials with low
resistance to deformation, it is necessary to obtain
workpieces with good deformation distribution and high
equivalent strain values. When the strength of the die is
sufficient, smaller die channel angle and die corner angle can
be selected to improve the cumulative deformation effect.
When the deformation resistance of thematerial is high, it is
recommended to select larger die channel angles and mold
corners.Therefore, thedie channel angle anddie cornerangle
of ECAP should be carefully considered in the experiment.
4 Conclusions

The effects of the die channel angle and the die corner angle
on workpiece deformation uniformity have been researched
and analyzed by the two-dimensional finite element
simulation of magnesium alloy ECAP process, and the
following conclusions are drawn:

–
 According to the deformation after extrusion, the
workpiece can be divided into three parts: head
deformation zone, main deformation zone and tail
deformation zone. In the main deformation zone, the
die channel angle has little effect on the uniformity of the
longitudinal deformation of the workpiece, and the larger
the die channel angle is, the more uniform the
longitudinal deformation of the workpieces are.
–
 The die corner angle has little effect on the uniformity of
longitudinal deformation of the workpiece, and when the
die corner angles are different, the equivalent deforma-
tion in the horizontal direction does not change much.



Fig. 7. The deformation in the cross-section of workpiece for different corner angle at F=90°: (a) corner angle ofC=15°; (b) corner
angle of C=26°; (c) corner angle of C=37°; (d) corner angle of C=52°.
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–
 The die corner angles have some influence on the dead
zone area and workpiece warpage. The dead zone area
and workpiece warpage increase with the increase of die
angle. When the mold angle is 37° and 52°, a small gap is
formed between the mold and the upper and lower
surfaces of the workpiece.
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