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Abstract
Due to demand of strong toughness of thin-walled tube, and good secondary forming properties and high-precision dimen-
sion, new plastic-forming method should be researched to achieve a complete filling, uniform deformation, and microstruc-
tural evolution during forming process. The deformation mechanisms of a new composite extrusion for thin-walled tube 
fabricated by direct extrusion and corrugated equal channel angular extrusion has been researched which is shorten as “TC-
ECAE” in this paper. The plastic deformation behavior of magnesium billet during TC-ECAE process was researched by 
DEFORM™-3D software. Calculation parameters include material properties and process conditions have been taken into 
consideration. The predictions of strain distributions and damage distributions, and effective stresses distributions and flow 
velocities distributions have been explored. The results showed that TC-ECAE process is a magnesium alloy tube forming 
method suitable for industrial mass production. Serve plastic deformation of TC-ECAE would promote dynamic recrystal-
lization which is magnesium alloy.
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1 Introduction

In the fields of automobile, electronic communication, 
aerospace and other fields, Magnesium alloys have become 
the focus of the world research. Due to its hexagonal struc-
ture magnesium alloys can be deformed difficultly at room 
temperature for there is few separate slip system [1, 2]. At 
present, the developed countries in the world have vigor-
ously engaged in researches and development of magne-
sium alloy, and magnesium alloys have been widely used 
in the aerospace, defense industry, automobile industry, 
electronic devices shell, the field of sports equipment, and 
office supplies. Accelerations of magnesium development 
have become an inevitable trend.

In recent years, many new casting techniques, such as 
pressure casting and semi-solid casting, have been applied 
to the manufacture of magnesium alloys [3]. Comparing 
with casting process of the magnesium alloy productions, 
the plastic deformation can produce profiles and forging 
products of various sizes, the comprehensive properties of 
plastic formed magnesium alloy are higher than those of 
magnesium alloy with as cast state. So, it is very important 
to research and develop new types deformed magnesium 
alloy and new processes to manufacture wrought magnesium 
alloy.

As the extrusion process is a method of plastic forming, 
and the material are formed under three-directions compres-
sive stress, and it is suitable for the production of low-plastic 
materials, so the extrusion forming is a principal technology 
to manufacture the forged magnesium alloy. In recent years, 
fine-grained structural materials processed by severe plastic 
deformation (SPD) have attracted increasing interest from 
material scientists [4]. Although it was invented in the early 
1980s, this technology has not evolved as expected and is 
still limited to laboratory-scale experiments [5–7].

It is widely believed that extruded metal products may  
have uneven sizes, excellent microstructures, and favorable  
mechanical properties, although the extrusion speed is constant 
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during extrusion [8]. The varying strains and strain rates and 
temperatures are critical factors of the extrusion process. In 
recent years, the numerical simulation of extrusion process 
has become a new method to prevent defects and advanta-
geous tool to optimize the process and improve the quality of 
extruded products. Numerical simulations could be adopted 
to replace many of these experiments. The thermodynamic 
response of magnesium alloy under extrusion conditions is 
very complex. Some parameters such as stress, strain, and 
temperature are difficult to be measured experimentally. In 
this case, finite element (FE) simulation can play a unique 
advantage in understanding the thermal–mechanical interac-
tion within the material during extrusion. However, there is 
very few study on the simulation of extrusion [9, 10].

In general, the researches on extrusion for magnesium 
alloy, especially make computer simulation as an auxiliary 
research tool has been lacking. Most of the previous studies are 
exploratory, the coverage is relatively narrow, process param-
eters do not conform to reality, or simulation method is sim-
ple, even material model is not accurate enough. Obviously, 
three-dimensional (3D) finite element simulation is needed to 
simulate thin-walled tube extrusion process, this still have high 
requirement on software, hardware, and user skills [11–13].

In the present research, simulation of extrusion process 
have been made which include direct extrusion and corru-
gated equal channel angular extrusion to manufacture thin 
walled tube, in this paper referred to as “TC-ECAE”.

The relationships between strains and stresses evolution 
and process conditions are lacking. It concerned characteri-
zations of thermo-mechanical responses of wrought magne-
sium alloy during extrusion, that is, the evolutions of stress 
and strain and damage influenced by extrusion. This is much 
more complicated than extrusion the same billet into a tube, 
as result of increasing complexities in metal flow and stress 
distribution due to increasing contact areas and sharp edges.

To show the application potential of TC-ECAE process in  
industry, we designed the TC-ECAE die used in the 
hydropress and made simulations of TC-ECAE process. 
The microstructures of Mg alloy have been observed and 
analyzed. This study aims to clarify the grain refinement  
mechanisms of during TC-ECAE. In this study, the  
TC-ECAE process was simulated by DEFORM™-3D finite  
element software, and the evolution of effective stresses, 
extrusion forces, and strains was obtained.

2  Simulation conditions

The description of the physical models includes the mate-
rial properties of the billet, the forming temperatures, and 
the friction laws between the concave dies and the work-
pieces. Materials in simulation and extrusion experiments 
is wrought magnesium. The die composed of concave die, 

extrusion container and extrusion rod is made of H13 die 
steel. The physical property of magnesium alloy is given 
in Table 1.

2.1  Flow stress curves for magnesium alloys

Gleeble1500D machine was used to analysis the axial 
compression test of hot workability. The strain rate 
was 0.01–10   s−1 and the preheating temperature was 
250 °C–500 °C. The flow stress curve under different preset 
strain temperatures of 250 °C, 300 °C, 350 °C, and 400 °C 
with strain rate of 0.01  s−1 has been entered into the material 
property module of the DEFORM™-3D software [12–14].

2.2  Contact and friction boundary conditions

The generalized coulomb’s law was used to explain friction 
behavior caused by the shear stress and the extrusion force. 
Shear force between workpiece and die is considered to be 
caused by friction [15–17] shown in Eq. (1).

τ is shear stress, σ is equivalent stress.

2.3  Extrusion parameter between magnesium alloy 
and die

In this paper, the parameters in Table 2 were simulation 
parameters. Setting environmental temperature to 20 °C, 
TC-ECAE mold temperature and initial billet temperature 
to 400 °C. Coefficient of thermal transmission between 
mould and billet was 11 N/ ℃s  mm2, and heat transfer factor 
between mold/billet and atmosphere are 0.02 N/ ℃s  mm2 [14, 
15]. The emissivity of magnesium alloy and H13 die steel is 

(1)� =

��
√

3

Table 1  Physical properties of magnesium alloy

Property Magnesium 
alloy

Heat transfer coefficient between tooling and billet 
(N/ °C s  mm2)

11

Heat transfer coefficient between tooling/billet and 
air(N/ °C s  mm2)

0.02

Poisson’s ratio 0.25
coefficient of linear expansion (℃−1) 2.58E − 6
Density (kg/m3) 1780
poison’s ratio 0.45
Young’s modulus (Mpa) 47,000
Emissivity 0.12
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0.12 and 0.7 respectively. The results of computer simulation  
were verified by TC-ECAE process experiments.

3  Numerical simulation

The longitudinal section schematic diagram of TC-ECAE 
die is schematically shown in Fig. 1a. The structure design 
of die is to match the size of the die with the blank size. 
The strength and the surface precision must be satisfied to 
obtain the surface quality of the tube. The key parts of the 
die container are the extrusion die, the extrusion block and  

the extrusion needle, and the different extrusion ratio 
can be obtained by changing the different sizes of extru-
sion needles. The dies include direction extrusion and 
continuous shear structures with three section circular  
arcs.

4  Results and discussion

4.1  The curves of extrusion load and time

TC-ECAE process is a hot working process, the magne-
sium alloy may be heated over the material's recrystalliza-
tion temperature to keep the material from work hardening  
and to make it easier to push the material through the die.  
The extrusion load could influent on the die life. Figure 2 
illustrates that loads caused by TC-ECAE die are various  
during TC-ECAE process. The values for maximum forces have  
been obtained, and required extrusion is about 14 ton. The  
load curve can be divided into some stages obviously. At 
the initial stage of extrusion, when billet contacted with die 
corners, the billet began to be subjected to severe plastic 

Table 2  Simulation and experimental parameters

Extrusion speed (mm/s) 3
Friction coefficient between extrusion cylinder and billet 0.4
Friction coefficient between the billet and mold 0.4
Number of mesh divisions 20,000
Grid density type Relative
Relative interference depth 0.7

Fig. 1  (a) Three-dimensional 
diagram of combined concave 
die and billet, (b) processing 
device and die installation for 
magnesium alloy tube in the 
laboratory, (c) Installation 
between mandrel and concave 
die and die jackets, 1-container, 
2-tube blank, 3-dummy block, 
4-Fixed extrusion mandrel, 
5-combined concave die, 
6-heater, 7-Foundation
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deformation, and load increased to 3.5 ton when extrusion 
time is 4.29 s, but this stage was not steady. The subse-
quent loads increased rapidly, and billet continuously passed 
through corrugated equal channels of the die. Further, the 
deformation load increased as the entire billet went through 
the corrugated equal channel. The deformation of billet was 
mainly achieved in this stage. During the third phase the 
average load is about 11.1 ton when extrusion time is 6.12 
s. Subsequently magnesium alloy is sheared by the channels, 
and the maximum deformation tube load is as such as 12.3 
ton. When extrusion time is about 8.18 s and the TC-ECAE 
process is in the steady-stage of extrusion.

4.2  Distributions of effective stress during TC‑ECAE 
process

Examination of the predicted strains provides quantitative 
insight into deformation behaviors of billets during TC-
ECAE process [16–18]. It is necessary to understand the 

distributions and magnitudes of effective stresses during 
TC-ECAE process. Figure 3 shows the evolutions of effec-
tive stress contours in magnesium billet during different TC-
ECAE, which provide the important information of stress 
distribution. Figure 3a, b, c and d are the distributions of the 
equivalent stress for extrusion time 4.29 s, 5.05 s, 6.12 s and 
8.18 s respectively. The effective stresses of the material are 
not even which are seen from the Fig. 3, and the maximum 
effective stress is about 36.3 MPa at extrusion time 4.29 s. 
The deformation of the initial extrusion is nonuniform, and 
the highest stress (36 MPa) located at outer corner when 
extrusion time is 5.05 s. Distributions of the stress are lamel-
lar with distinct deformation gradients. The deformation is 
close to the simple shear deformation, but the stress focus on 
deformation zone in the extrusion time 8.18 s.The maximum 
stress increase to 320 MPa. From the stress evolution during 
the TC-ECAE process it can be found stress decrease with 
the TC-ECAE progressing, the reason is that the dynamic 
recrystallization has taken place.

Fig. 2  The extrusion loads during TC-ECAE process
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Fig. 3  Evolutions of effective stress contours in billet during different periods for TC-ECAE process, (a) 4.29 s, (b) 5.05 s, (c) 6.12 s and (d) 8.18 s
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4.3  Analysis of flow velocities

Vector plots display magnitude and direction. Magnitude is 
indicated by vector length and color. Contour plots display 
only magnitude, where contour color indicates TC-ECAE 
velocity magnitude. Figure 4 shows velocity field of metal 
flow during TC-ECAE process. An approximate sector with 
severe deformation in Fig. 6a and a dead metal zone exists 
near the export parts of die. Some metal moves perpendicu-
lar to the interface of the bottom die, while the other moves 
toward the container, and the dead zone are formed. Fig-
ure 4a shows the dead metal zone where the material flow 
velocity is smaller than 7.5 mm/s, represented by the wathet 
blue area at the corners between the container liner and die 
face. The flow discontinuity at the boundary between the 
deformation zone and dead metal zone is clearly revealed 
which is area of inactive metal that generally remains dor-
mant and stagnant throughout the extrusion process. It is 
the shearing at this boundary which leads to the formation 
of extrusion surface from the virgin material in the interior 
of the billet. It was profitable that the dead metal zone kept 
the oxidated layer on the surface of billet staying in the con-
tainer, and which prevent oxidated layer from entering the 
inner of workpiece.

While the front of flowing metal arrived at the lower 
underside of the die, a small static zone in Fig. 4b was 
formed when the direct extrusion stage was over. In the 
Fig. 4c and d the metal near the container flows towards 
the bottom die homogeneously, and less velocity vector 
toward the interfaces is observed in the plastic deformation 
zone, and the metal flows toward TC-ECAE die without 
large angle turning, which not only decreases the genera-
tion of flow lines turbulence, dead zone and overlaps, but 
also improves the extruded product quality.

4.4  Damage prediction

Damage has been shown to be a good indicator of certain 
types of tensile ductile fracture. Workability is usually 
thought as being limited by the onset of the fracture. Greater 
workability of the material allows greater deformation. In 
this study many types of ductile fracture criteria were used 
to determine the limit of the bulk deformation. The empiri-
cal formulas of these criteria are described below. The mod-
eling formulations of various ductility damage values are 
presented in Ref. [19, 20]. The present study considers the 
following damage values in Eq. (2) [21–23].

where σ̃
max

 is the maximum ductility stress; σ1and σ2 are the 
principal stresses; �̃� is the effective stress; � is the effective 

(2)∫
𝜀f

0

𝜎
max

�̃�
d 𝜀 = C

strain; σm is the hydraulic compressivestress (mean stress); n 
the strain hardening exponent; �f  the effective strain of frac-
ture; F is a material deformation function; C is the damage 
value of the material. In order to calculate ductile fracture 
criteria, destructive tests had been done and Compression 
tests have been carried out. Cockcroft and Latham predicted 
that fracture occurs in a ductile material at a critical damage 
factor value C* of the damage factor C. The C-L criterion 
for ductile fracture during metalworking was applied in con-
junction with fracture strains measured from uniaxial tension 
tests. In uniaxial tension tests, in which sharp necks and high 
levels of stress triaxiality are negligible. The fracture strain 
�f  derived from the magnesium alloy stress/strain curve is 
approximately 0.45. Thus, the value of C* is 0.45.

The experimental results showed that the fracture model 
adapted in these simulations was Cockcroft and Latham frac-
ture model in Eq. (2) whose value was set to 0.45. Figure 5 
represents the damage inclination indexes at extrusion time 
4.29 s, 5.05 s, 6.12 s and 8.18 s, respectively. It can be seen 
that the index of the damage at extrusion time 5.05 s is as 
much as 0.908. And at the extrusion time 8.18 the index is 
about 0.817. It is seen that the maximum damage occurs at 
the billet surface in the exit region of the die for direct extru-
sion. The reason could be attributed to the critical damage at 
the point of maximum tensile stress in the tube.

4.5  Microstructural evolutions during TC‑ECAE 
process

Grain sizes evolutions of four parts in rod formed by TC-
ECAE process are shown in Fig. 6. The microstructures with 
as cast state with average grain size 200μm are shown in (a), 
which indicates that the deformation degree is very small. As  
the deformation continues, the width of rod-like microstruc-
tures with average grain size 150μm may become narrow, a  
number of lamellar-structure twins may appear in the grains  
shown in (b), because dynamic crystallization would taken 
place. The uniform deformation have taken place in the grains  
mainly and improved the formation of rod-like microstruc-
tures while recrystallization may occur in a small number of  
grains. Rod-like and lamellar microstructures fabricated by  
direct extrusion began to reduce for the large shear  
strains caused by shear deformation in this zone and the 
deformation grains with average grain size 100μm would 
turn into dynamic recrystallization grains shown in (c). In 
the shearing zones, dynamic recrystallization may happen 
sufficiently for five shearings with average grain size 40 μm 
shown in (d). Use of TC-ECAE process, the average grain 
size may be refined effectively. Microstructures are not only 
clearly refined but also relatively uniform. This is because 
the TC-ECAE process include additional five shearings and 
which is more than direct extrusion. So the deformation 
degree of central part of rods increased, part recrystallization 

4034 The International Journal of Advanced Manufacturing Technology (2022) 122:4029–4039



1 3

Fig. 4  The flow velocity fields during TC-ECAE process, (a) 4.29 s, (b) 5.05 s, (c) 6.12 s and (d) 8.18 s  
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Fig. 5  Crack initiation predicted by normalized Crokcroft and Latham fracture model, (a) 4.29 s, (b) 5.05 s, (c) 6.12 s and (d) 8.18 s
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occurred. Therefore, the microstructures became smaller and 
more homogeneous.

The relationship between the average recrystallization 
grain size (d) and the Zener-Hollomon parameter (Z) dur-
ing dynamic recrystallization is given by -lnd= A + Bln Z. 
Based on the present TC-ECAE process, average accumula-
tive strains, strain rates and Z parameters of the magnesium 
alloy increase with the development of TC-ECAE process 
[24–26]. It can be found that accumulative strains increase 
with the advance of TC-ECAE process, so the grains would 
be refined consequently. It is clear that there are three steps 
recrystallization during TC-ECAE process. It can be found 
that the average sizes of grains for DRX were coarsened with 
the preheated temperature increasing [23, 27–29].

5  Conclusions

This study has utilized three-dimensional finite element 
DEFORM software to research the plastic deformation 
behavior of magnesium billet during TC-ECAE process 
through a TC-ECAE combination die. The research results 
have been shown as follows: 

(1) The extrusion load curve can be divided into four stages 
including the extrusion upsetting stage and the direc-
tion extrusion stage and mulit-shearings obtained from 

simulation results. The evolutions of extrusion load 
curves and effective stresses and temperatures can be 
divided into four stages.

(2) The maximum damage occurs on the billet surface in 
the exit region owing to maximum tensile stress.

(3) The TC-ECAE process would cause serve plastic defor-
mation and improve the dynamic recrystallization dur-
ing TC-ECAE process, and TC-ECAE is an efficient and 
inexpensive grain refinement method for magnesium 
alloys.

(4) The large strains can be introduced into the extrusion 
and continuous mulit-shearings deformation, which 
promote the occurrence of dynamic recrystallization 
of magnesium alloys.
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