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To explore the deformation mechanisms of a new composite extrusion including extrusion and 
successive shear subsequently which is shorten “ES”, Three dimensional finite element modeling 
of grain refinements for magnesium alloys by ES process has been researched. The ES die have 
been designed and manufactured and installed to the horizontal extruder. Finite element software 
DEFORMTM-3D to investigate the plastic deformation behaviors of magnesium alloy during extrusion-
shear has been employed. The extrusion loads and temperatures distribution of billets and maximum 
extrusion forces have been obtained from simulation results. From the simulation results it is clear that 
evolutions of extrusion loads curve and effective stresses and temperatures can be divided into three 
stages. ES process has been applied to fabricate AZ31 magnesium alloy rod at preheat temperature of 
420°C with extrusion speed of 20 mm/s. The results proved that the ES process is a formality method 
for magnesium suitable for large scale industrial application. The microstructures of AZ31 magnesium 
alloy along the longitudinal section of rods have been sampled and examined and observed. Fine grained 
microstructures can be observed throughout longitudinal section of extruded rod. The researches results 
show that ES process would cause severe plastic deformation and improve the dynamic recrystallization 
of AZ31 magnesium alloy. The simulation results and calculated Zener-Hollomon parameters showed 
that the grains of magnesium would be refined gradually during ES process.

Keywords: AZ31 magnesium alloy, finite element modeling, grain refinement, dynamic 
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1.	 Introduction
Magnesium (Mg) alloys have been used in transportation, 

communications, electronics and aerospace etc., and have 
become the focus concerned by all the countries in the 
world1,2. Its specific strength and rigidity are superior to 
iron and aluminum. The greatest limitation for the usage 
of wrought magnesium is its poor formability at room 
temperature. Because of its hexagonal closed packed (HCP) 
crystal structure and only two independent basal slip systems 
can be activated3,4. So more than 90% of the Mg alloys 
currently are applied in cast state. In the future development 
of Mg alloys will rely on large scale production applications 
of wrought Mg alloy products. But deformation capacity 
and strength for the traditional extruded rods of Mg alloy 
is rather poor5,6.

In recent years, bulk nanostructure materials processed 
by severe plastic deformation (SPD) such as equal channel 
angular pressing (ECAP) have attracted the growing 
interest of specialists in materials science7-9. The ECAP 
process is only used in the laboratory scale processing and 
preparation for nanocrystalline material, but the technology 
is not widely used in the industrial field. The main obstacle 
to spread the use of ECAP in industrial manufacturing is 
low productivity, ECAP usually involves a large number 

of steps and is not easily applied from the laboratory to an 
industry for it is not a continuous process, and the length of 
extruded rod is the same big as the initial billet. Although 
it has been invented in the early 1980s, the process did not 
develop as much as one would desire and is still confined to 
the laboratory scale experiments. Matsubara K et al.10 used 
a new processing procedure to extrude a cast Mg-9% Al 
alloy involving the sequential application of extrusion and 
equal channel angular pressing. Experiments showed that 
the Mg-9% Al alloy has an initial grain size of ~50µm after 
casting but this was reduced to ~12µm after extrusion and it 
was further reduced to ~0.7µm when the extruded alloy was 
subjected to ECAP for 2 passes at 473 K. Although the cast 
alloy exhibits extremely limited ductility and the extruded 
alloy was only moderately ductile. It was demonstrated that 
processing by EX-ECAP produces excellent superplastic 
ductility including the occurrence of both low temperature 
superplasticity and high strain rate superplasticity. But EX-
ECAP usually includes more than 2 steps, and the material 
endures intricate diversification of forming environments 
including process temperatures and may be oxidized. 
Matsuyama  et  al.11 introduced the feasibility of SPD 
techniques which combines conventional extrusion and 
equal channel angular pressing into a single process. The 
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extruded material exhibits an excellent balance of strength 
and tensile ductility. But severe plasticity deformation 
technologies are difficult to be promoted to industrialize, 
and the processes are very complicated, and costs are high. 
The ES may improve the industrialization preparation and 
processing of Mg alloy rods.

To illustrate the potential industrial application of the 
ES extrusion, we designed and manufactured the ES dies 
installed on the horizontal extruder, and the experiments of 
ES process have been done. The microstructures of AZ31 
Mg alloy sampled from as-received in ES formed rods have 
been observed and analyzed. Deformed microstructure 
evolutions of the ES process for AZ31 Mg alloy have been 
studied in order to analyze the deformation mechanisms of 
ES extrusion. The aim of the present study is to reveal the 
microstructure evolution and clarify the grain refinements 
mechanism in AZ31 during ES process. The present study 
employs finite element software DEFORMTM -3D to simulate 
the effective stresses, extrusion forces and temperatures 
evolution during ES process. The microstructures evolutions 
and dynamic recrystallizations during period of extrusion 
and shear of Mg alloy have been researched.

2.	 Simulation Conditions of ES Process for 
AZ31 Mg Alloy
A commercial wrought alloy AZ31B (as-cast, Mg-

3%Al-1%Zn, w.t. %) was used in the simulation and 
extrusion experiments. The extrusion tooling consisting 
of die, container and ram was made of the H13 hot-work 
tool steel. The physical properties of AZ31B are given in 
Table 1. The curves of specific heat and thermal conductivity 
dependent on temperature are shown in Figure  1a and 
Figure  1b respectively. The present study adopts the 
following assumptions8: (1) both the container and the die 
are rigid bodies, (2) the extrusion billet is a rigid-plastic 
material, and (3) the friction factors between the extrusion 
billet and the ram, container, and die are constant.

2.1.	 Flow stress curves for AZ31 Mg alloys

As-cast AZ31B rods with a diameter of 50 mm were used 
as the initial material in this study. Cylindrical specimen with 
a diameter of 10mm and a height of 12 mm were machined 
from the rods with their longitudinal axis in parallel with the 
pre-extrusion direction. Axial compression testing for hot 

workability analysis was carried out using a Gleeble1500D 
machine9. Graphite foils were placed between the specimen 
and platens for lubrication. At a constant strain rate ranging 
from 0.01 to 10 s−1 and at an initial temperature between 250 
and 500°C. The specimen was resistance-heated through a 
thermocouple sending feedback signals to control the AC-
current. The flow stress curves measured in these tests were 
corrected and a set of flow stress-strain curves are shown 
in Figure  2 as examples with strain rates 0.1s–1 and the 
different pre-set temperatures 250°C and 300°C and 350°C 
and 400°C. The data were input into the material property 
module of the DEFORMTM-3D software.

2.2.	 Contact and friction boundary conditions

To represent the friction behavior the generalized 
coulomb’s law was used. The friction between the workpiece 
and die was considered as shear-type10. It was well known 
that the shear is proportional to the contact pressure and the 
relationship is shown in Equation 1.

3
σ

τ = µ 	 (1)

Table 1. Physical properties of the AZ31 workpiece.

Property Mg alloy AZ31

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 0.35

coefficient of linear expansion (°C–1) 26.8E-6

Density (kg/m3) 1780

Poisson’s ratio 0.35

Young’s modulus (Mpa) 45000

Emissivity 0.12
Figure 1. Curves of material properties with different temperatures 
for AZ31 Mg alloy, (a) specific heat and (b) thermal conductivity.
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where τ is the frictional shear stress and σ is the effective 
flow stress of the workpiece. μ (0≤µ≤1)the friction factor .

2.3.	 The coefficient of heat transfer between 
AZ31 Mg alloy and die

Table  2 presents the simulation and experimental 
parameters. The ambient temperature was set as 20°C, 
and temperature of the ES die is 400°C.The initial billet 
temperature was chosen to be at a relatively high level 
420°C. Heat transfer coefficient between tooling and billet 
was 11 N/°Cs mm2, and the value of heat transfer coefficients 
between tooling/billet and air are 0.02 N/°Cs  mm2[11,12]. 
Emissivity coefficients of the AZ31 and H-13 tool steel 
were 0.12 and 0.7 respectively. ES extrusion experiments 
were carried out to verify the results obtained from computer 
simulation in laboratory. In order to validate the results 
of finite element analysis, ES dies were designed and 
manufactured to perform the actual extrusion processes.

3.	 Experiments
To certify the industrial applications of ES extrusion, 

the ES die with two shearings has been designed and 
manufactured. Figure 3 presents the schematic diagram of 
the experiment. The longitudinal section schematic diagrams 
of ES extrusion are schematically shown in Figure 4. The 
die includes direction extrusion with extrusion ratio 32 and 
two steps ECAP with 120° corner angle. By two steps ES 
extrusion, a larger amount of shear deformation can be 
introduced than the direct extrusion with the same extrusion 
ratio. The deformation zone can be divided into 4 zones, 
which are the reducing zone, the sizing zone, the first 
shearing zone, the second shearing zone respectively. The 
billets and the die in experiments had identical geometrical 
parameters and material with those in simulations. AZ31 
Mg materials and the ram and the lubricated die would 
be preheated in the furnace for 2 hours before the actual 

Table 2. Simulation and experimental parameters.

Billet length /mm 100

Billet diameter /mm 59

Container insider diameter /mm 60

Container outside diameter (mm) 84

Die bearing length (mm) 5

Extrusion ratio 14.7

Initial tooling temperature (°C) 400

Ram speed (mm/s) 20

Friction factor of the container–billet interface 0.7

Friction factor between the billet and die. 0.7

Total number of elements 20000

Mesh density type Relative

Relative interference depth 0.7

Initial billet temperature (°C) 420

Figure  2. True stress/true strain curves obtained from the 
compression tests with pre-set temperature 400°C and the different 
strain rates 0.01s–1-10s–1.

Figure 3. Schematic diagrams of forming steps during ES process.
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ES process started. The ES extrusion was then employed 
to extrude the Mg alloy rods. Before extrusion the billets 
were machined to a diameter of 80 mm. Real extrusion 
experiments were carried out by employing a 500 Ton press 
with a resistance heated container and a heater. The die 
material, die dimensions, billet dimensions and extrusion 
conditions were all the same as those used in numerical 
simulation. The billet was heated in an external furnace 
up to 420°C and transported into the container at a preset 
temperature of 420°C to avoid too much heat dissipation 
and then ES process started immediately. Ram speed was 
20 mm/s during experimental verification.

In this study, samples have been taken from the four parts 
which locations are indicated in Figure 4. All the samples 
have been taken from the center of rod. We used acetic 

acid to erosion surface of the samples for microstructure 
observations by using PME OLYMPUS TOKYO-type 
optical microscope.

4.	 Results and Discussion

4.1.	 The curves of load and time

The curves of extrusion loads varying with extrusion 
time during ES process have been described in Figure 5. 
The values for maximum extrusion forces were obtained 
from the finite element simulation results. The extrusion 
load curve can be divided into three stages which include 
the extrusion upsetting stage and the direction extrusion 
stage and continuous shears stage. At the initial stage of 
the extrusions process, the billet was subjected to severe 
plastic deformation if billet contact with die corners. And 
the load increases rapidly to 1 MN, this stage is not steady. 
And subsequently the load decrease somewhat, the billets 
are continuously extruded through the corners of the die. 
Further, the deformation load decrease as the entire billet is 
entered into the deformation zone. During the third phase the 
load oscillates and the average value is about 1.08 MN. The 
maximum deformation load is as such as 1.2 MN, and the ES 
process is in the steady-stage. It is necessary to understand 
the distributions and magnitudes of effective stresses are 
analyzed during ES process. However, the extrusion loads 
also decrease the die life.

4.2.	 The distributions of effective stresses during 
ES process

Examination of the predicted strains provides 
quantitative insight into the deformation behaviors of 
billet during ES process. Figure 6 shows the evolutions of 

Figure 4. Schematic diagram of ES die with two 120° corner angles 
and extrusion ratio 32: 1-the reducing zone; 2- the sizing zone; 3-the 
first shearing zone; 4-the second shearing zone.

Figure 5. The extrusion loads during ES extrusion.
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effective stress contours in Mg billet during different ES 
steps, which provide the important information of the stress 
distribution. Figure 6a, 6b and 6c are the distributions of 
the equivalent stress for extrusion time 1.173 s, 1.531 s and 
2.518 s respectively. The effective stresses of the material 
are not even seen from the Figure  6, and the maximum 
effective stress is about 74.154MPa at extrusion time 1.173 s. 
The deformation of the initial extrusion is inhomogeneous, 
and the highest stress (48.531MPa) from Figure 6b locate 
at outer corner at extrusion time 1.531s. Distributions of 
the stress are lamellar with distinct deformation gradients. 
The deformation of this position is close to simple shear 
deformation. But the stresses concentrate upon deformation 
zone at the extrusion time 2.518 s in Figure 6c. It can be 
found that the effective stresses in the workpiece decrease 
with developments of the ES process for the dynamic 
recrystallization take place during ES process.

4.3.	 Temperature evolution during ES process

The temperature is highest during ES process at the 
material/die interface due to friction force. The temperature 
distribution inside the billet during ES process is uneven 
due to heat generation and friction between the workpiece/
ES dies and heat exchange between the ES die and the 
environment. Figure 7a displays the temperature isotherm 

during upsetting extrusion stage at a ram speed of 20 mm/s. 
It is clear that the temperatures of surface in the billet 
decrease slightly comparing initial extrusion temperature. 
The main feature of the temperature evolution at this phase 
of ES process is that the temperature in the rear part away 
from the die entrance decreases gradually. As the process 
proceeds, the temperature distributions do not change too 
much. At this stage, the heat dissipation through tooling 
is greater than heat generation from ES process, the billet 
temperature descends gradually. Figure 7b and 7c show the 
temperature isotherm distributions during steady-state of ES 
process. The minimum temperature locates at the edge of the 
billet between the container and the die face for a lot of heat 
is emission and less heat generated in the deformation zone.

The temperatures of the billet in the deformation 
zone increase. The temperature rise is result of heat 
generation from deformation energy and friction heat, 
and heat exchanges inside the billet, with the ES die and 
the environment. It seems that heat flow in two reverse 
directions. One heat flow tends to increase the billet 
temperature and the other to decrease the billet temperature.

The curves of maximum and minimum temperature in 
the workpiece throughout the ES process at a ram speed of 
20 mm/s are shown in Figure 8. The maximum temperatures 
in the workpiece rise from 420°C to 435°C during extruding 
the magnesium alloy into rod.

Figure 6. the evolutions of effective stress contours in Mg billet during different ES steps.
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4.4.	 Microstructure evolutions during ES 
extrusion

Figure 9 shows microstructures for as-received AZ31 
alloy in Figure  9a, and microstructures about four parts 
in rod formed by ES process shown in Figures 9b, 9c, 9d 
and 9e respectively. The average grains size of as-received 
as cast AZ31 alloy is about 250 µm in Figure  9a. The 
microstructures appear long strips shown in Figure 9b in the 
extruded reducing zone of ES process. This indicates that 
the deformation degree is small. The uniform deformation 

takes place in the grains mainly and improves the formation 
of rod-like microstructures in Figure 9c, meanwhile part 
dynamic recrystallization occur between a small number 
of grains. As the deformation continues, the width of the 
rod-like microstructures become narrow, a number of twin 
crystals lamellar-structure appear in the grains shown in 
Figure  9c and dynamic crystallization has taken place. 
Rod-like and lamellar microstructures in first shear zone 
shown in Figure 9d begin to be reduced for the large shear 
strain caused by shear deformation in this zone and the 
deformation grains are turned into recrystallization grains. 

Figure 7. The evolutions of temperature contours in Mg billet during different ES steps.
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Figure 8. Maximum and minimum temperature in the workpiece throughout the ES process.

Figure 9. Microstructures for as-received AZ31 alloy (a) and microstructures in different parts of ES die, (b) reducing zone, (c) sizing 
zone, (d) the first shear step and (e) the second shear step.
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In the secondary shear zone, dynamic recrystallization is 
sufficient for twice shearing later, but there are still a small 
amount of fine-grain bar in the center of the rod shown 
in Figure  9e. There were some inherent drawbacks for 
microstructures of extrusion process due to uneven metal 
flow during extrusion and the properties from surface to 
the center were uneven. But the use of ES process, the 
average grain size can be changed from 250 µm to 5 µm. 
The microstructures are not only clearly refined but also 
relatively uniform. This is because the ES process include 
two successive simple shear processes more than a direct 
extrusion. So that the deformation degree of central part of 
rods increases, the part recrystallizations occur. Therefore, 
the microstructures become smaller and more homogeneous.

4.5.	 Dynamic recrystallization during ES 
extrusion

The principle of ES process is to introduce compressive 
and accumulated shear strain into the Mg alloy. The 
character of ES process is that the sample is subjected to 
two shear deformations. The accumulative strains of ES 
extrusion can be expressed as Equations 2 which include 
two parts: accumulative strain of direct extrusion and two 
continuous ECAP steps10,13 .

2cot( ) csc( )
2 2 2 2ln 2*

3

φ ψ φ ψ + + ψ + 
ε = λ +  

 
 

	 (2)

where ε is the accumulative strain; λ is the extrusion ratio; 
Φ is the inner corner angle, Ψ is the outer corner angle. The 
relationship between the average recrystallization grain size 
(d) and the Zener-Hollomon parameter (Z) during dynamic 
recrystallization is given by Equation 313.

exp( )QZ
RT

= ε 	 (3)

Where έ is strain rate, Q is the activation energy for the 
deformation, T is the temperature and R is the gas constant.

Dynamic recrystallization (DRX) is one of the 
interesting mechanisms of microstructure evolution. Grain 
refinement could be attributed to continuous dynamic 
recrystallization which involves a progressive increase in 
grain boundary disorientation and changes of low angle 
boundaries into high angle boundaries. The Zener-Hollomon 
parameter (Z) of first direct extrusion is equal to Z

1
. v

1
 is 

the extrusion speed. λ is the extrusion ratio, R1 is the billet 
radius14. The parameters were substituted into Equation 3 
the Equation 4 is obtained[15,16].

.

1
1

1

3 ln exp( )v QZ
R RT

= λ 	 (4)

And the Z parameters of first and second shearing are 
Z

2 
and Z

3
 respectively17-19.

.

2
2 3

2

2cot( ) csc( )
2 2 2 2 exp( )

6
v QZ Z
R RT

φ ψ φ ψ + + ψ + 
= =   ψ 

 

	 (5)

Where inner corner angle (Φ), outer corner angle (ψ). V
1
 

is the speed of extruded rods. R
2
 is radius of extruded rod.

The relationship between the average recrystallization 
grain size (d) and the Z during dynamic recrystallization is 
given by -lnd= A + Bln Z. Based on the present ES processing 
with extrusion temperature 420°C, average accumulative 
strains, strain rates and Z parameters of the AZ31 samples 
in different positions are listed in Table 3. It can be found 
that the accumulative strain increase with the extrusion 
advancing, so the grains will be refined consequently. It 
is clear that there are three phase recrystallization during 
ES process. It can be found that the average sizes of grains 
for DRX were coarsened with the preheating temperature 
increasing and Z parameter decreases with the temperature.

5.	 Conclusions
This study utilized three-dimensional finite element 

DEFORM software and ES process to investigate the plastic 
deformation behaviors of Mg billets during ES process 
with ES combination die. The coupled thermo-stress finite 
element models including the mathematical models and 
geometric models and solution conditions have been applied 
to calculate the effective stresses and temperatures and 
required extrusion forces during ES process. The results 
have been shown as following.

The extrusion load curve can be divided into three stages 
including the extrusion upsetting stage and the direction 
extrusion stage and continuous shears obtained from 
simulation results. During the third phase the load oscillate 
about an average value about 1.08 MN. The maximum 
deformation load is as such as 1.2 MN, and the ES forming 
is in the extrusion steady-stage.

The ES die structures have been manufactured and 
installed to the horizontal extruder. ES forming was applied 
to fabricate AZ31 Mg alloy rod at preheat temperature of 
420°C with speed of 20mm/s. The results proved that the 
ES extrusion is a formality method for Mg suitable  for 
large-scale industrial application. The microstructures 
along forming direction were examined. ES extruded 
AZ31 sample showed a fine-grained microstructure 
throughout longitudinal section. The ES extrusion would 
cause severe plastic deformation and improve the dynamic 
recrystallization during ES extrusion. The microstructures 
show that ES is an efficient and inexpensive grain refinement 
method for Mg alloys. Zener-Hollomon parameters during 

Table 3. Theory Calculation results for dynamic recrystallization during ES process.

Temperature ε1 ε2 ε3 1ε 2ε 3ε Z1 Z2 Z3

420°C 3.47 4.12 4.8 2.45 1.51 1.51 2.52 1.33 1.33
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ES process showed that the grains of Mg would be refined 
gradually.
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