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In this study, a new extrusion process, alternate extrusion (AE), is proposed.
We evaluated the reliability and superiority of this process in practical
applications by conducting a simulation using the finite element method,
which confirmed the experimental results. The microstructure characteristics
of an AZ31 magnesium alloy produced by conventional extrusion (CE) and AE
were investigated by electron backscattered diffraction and optical micro-
scopy, and the effects of the microstructures on the mechanical properties
were studied across the extruded specimens. The main advantage of AE is that
the load is reduced to less than half that in the CE process; this results from
the reduced cross-section of the split punches. Additionally, the grain size with
AE is more refined than with CE because of the additional shear force, which
improves the mechanical properties of the alloys. Furthermore, AE can also

weaken the intensity of the basal plane texture.

INTRODUCTION

Magnesium alloys have low densities, high speci-
fic strengths and good recycling characteristics,
which means they are favored for energy saving,
environmental protection, and other applications,
particularly when light-weight materials are
required.'™ However, their hexagonal close-packed
(HCP) structures mean that these materials have
limited strength and ductility at room tempera-
ture.* Grain refinement has proven to be an
effective way to overcome these disadvantages.’
The metal is under a strong three-compressive
stress state in the extrusion process, which can
give full play to its plasticity. Therefore, the
extrusion process is particularly suitable for the
preparation of low-plasticity magnesium alloy.®”
However, the capacity of conventional extrusion
(CE) for grain refinement is limited. In recent
years, the development of a fine-grained magne-
sium alloy extrusion process has been a focus area
for research, and techniques such as equal chan-
nel angular press (ECAP),>1° cyclic extrusion
compression (CEC)!! and accumulative back extru-
sion (ABE)'? have been reported. These methods
have developed rapidly. Kim et al.'® obtained a
fine-grained structure using equal channel
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angular extrusion (ECAE), which can effectively
weaken the basal texture of the magnesium alloy
material and at the same time control its texture.
Xia et al.* found that the grain size of AZ31
magnesium alloy could be considerably refined
with ECAP, and after four passes at 150°C, or two
passes at 100°C, the grain size could reach 1 ym.
Wang et al.'® put forward C-shaped equal channel
reciprocating extrusion (CECRE), which adopts
the combination of CEC and ECAE. Four repeti-
tions of CECRE increased the strain value to 11,
and a uniform fine grain with an average size of
about 3.6 ym was obtained. Fatemi-Varzaneh
et al.'® found that AZ31 magnesium alloy could
be successfully extruded by ABE. A uniform
ultrafine grain size of 1 um was obtained after
four passes of ABE. Although these processes
considerably refine the grains, the large friction
is the main disadvantages of those methods for
wider industrialization.

Based on such a background, we propose a fine-
grained extrusion process called alternate extrusion
(AE) and study the AZ31 magnesium alloy
microstructure and texture distribution after the
molding process. We found the load in this method
reduced, the grain size refined and the intensities of
basal plane texture weakened.
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Fig. 1. Schematic AE process: (a) initial state, (b) left punch loading, (c) right punch loading, one cycle, and (d) end of process.

AE PROCESS PRINCIPLES

AE breaks through the traditional extrusion
punch with the whole design concept, which uses
two or more punches alternately loaded in the
extrusion process. Compared with CE, the material
both around the extrusion die and the axis portions
of the billet are subjected to sustained severe shear
deformation, which promotes the billet to refine
during the extrusion process. Because split punches
alternately apply downward loading, AE can signif-
icantly reduce the extrusion load within a single
pass. The schematic AE process is shown in Fig. 1.

Figure 1 shows the CE process, in which two
punches synchronously apply a downward load. At
the beginning of the forming stage, the right punch
is fixed with a limit device, and the left punch
strokes down A (h = 8 mm). Then, the left punch is
fixed and the right punch strokes down A. Following
this loading pattern, downward loading is applied
by alternating left and right punches until the
extrusion billet is completely formed. Owing to the
relatively small size of the billet used in this
research, it was processed in three passes.

EXPERIMENTAL AND SIMULATION
PROCEDURE

Experimental materials were as-cast commercial
AZ31 magnesium alloy which is composed of 3 wt.%
Al, 1 wt.%Zn, 0.4 wt.% Mn and balance Mg. Materials
were supplied by the YinGuang Magnesium industry
group. The billet size was ®30 mm x 30 mm. Cast
ingots were homogenized for 12 h at 420°C. Then, the
AE processing was carried out at 350°C with an
extrusion rate of 1 mm s~ . The extrusion ratio was
11.11. Water-based graphite was used as a lubricant.
In order to facilitate comparison, the same conditions
of CE and AE are analyzed at the same time.

The microstructure of the as-cast, the CEed and the
AEed samples were examined by OM and electron
backscatter diffraction (EBSD) analysis. The

extrusion, transverse and normal directions of the
extruded billet were defined as ED, TD and ND,
respectively. The perpendicular to ED grain mor-
phology was revealed by grinding and polishing
processes and subsequently by etching using a solu-
tion of 1 ml acetic acid, 1 ml nitric acid, 1 goxalic acid
and 150 ml water. Tensile tests and EBSD experi-
ments were done along the ED. Tensile samples were
cylindrical with gauge length of 3 mm x 15 mm
and the experiments were carried out at room
temperature with a strain rate of 1 x 1072 s~!. Each
test was carried out at least five times, and the
mechanical properties were the average values. The
EBSD samples taken from the center of extruded
products were ground using SiC papers and then
electrolytically polished in an electrolyte solution
which consisted of phosphoric acid and ethyl alcohol
(volume ratio 3:5) at 0.5 Afor 2 minandthenat0.2 A
for 3 min. The EBSD tests were carried out by a 200°F
Quanta field emission environmental scanning elec-
tron microscope, and the experimental data were
analyzed by OIM Analysis TSL 6 software. The step
size of EBSD measurements was 1.1 um.

The DEFORM 3D-6.1 software has been used to
perform all deformation simulations. The simula-
tions were conducted using an axisymmetric model.
All objects dimensions in the simulation were
matched with experimental ones in order to confirm
the results of the simulation.!” The data of the true
stress—strain based on the results of the compres-
sion test have been loaded into the finite element
method (FEM) software. The material model was
defined as elastic—plastic.’® All the die parts have
been considered as rigid. The billet was defined as
plastic, which can deform during all analyses.
Tetrahedral element type was used, and the billet
mesh number was 30,000. The Coulomb friction was
used to model the interfaces between the die and the
billet. The friction factor was selected as 0.8. The
heat transfer coefficient between the die and the
billet was N s 'mm '°C ~1' The Lagrangian
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Fig. 2. The typical picture of extruded products: (a) CE at the end of
process, (b) AE at the end of process.

incremental was chosen for the type of simulation.
The conjugate gradient was chosen as the solver of
the simulation. Axisymmetric four node elements
were employed to model the billet sections.

RESULTS AND DISCUSSION

Figure 2 displays the CE and AE products. Com-
pared with CE, there is an obvious step on the AE
product. It seems that most of the materials such as
aluminum, copper and magnesium and their alloys
which can be processed via CE can also be processed
by AE. It is promising that AE can be applied to a
wide range of metallic materials but this statement
needs experimental verification. The load of CE and
AE obtained from FEM has been compared. Based
on the obtained results, the required load of CE is
equal to 133.8 kN, while the required load using AE
is equal to 63.8 kN. Compared with CE, the total
forming load of the AE process has been decreased
by about 52%. This is an important advantage of AE.

Figure 3 shows the effective strain contours of the
deformed billet during the CE and AE processes. To
highlight the effective strain contours in the billet,
the molds are not shown in the figures. For better
observation of the effective strain distribution, the
simulation results are presented in different color
contour maps over the parallel (Fig. 3a and b) and
vertical (Fig. 3¢ and d) cross-sections. Both CE and
AE generate the maximum effective strain at the
bottom die as shown in Fig. 3c and d. It can be seen
that a shear deformation zone is generated during
the AE process (Fig. 3b), which is different from the
CE as shown in Fig. 3a. Therefore, AE can be
divided into two distinct areas: the shear deforma-
tion zone and the normal strain zone. The shear
deformation component plays an important role in
grain refinement.?° As shown in Fig. 3e, the effec-
tive strain in AE has been rapidly increased specif-
ically near the middle area of the billet. The ten
points selected to observe the effective strain are
shown in Fig. 3a. To ensure the reliability and
stability of the experimental results, ten points were
also selected in the same position for AE. The
maximum value of the effective strain was about 2.5
for AE, but only 0.03 for CE. This means that
additional shear strain can be applied in AE

(b)

1P2 P3 P4 P5 P6 P7 P8 P9 PI(

573

287

0.00536 I

~_~
(¢
~

25

20

Effective strain

0.5

L .

0 5 10 15 20 25 30
Distance (mm)

Fig. 3. Distribution of the effective strain for (a) CE parallel cross-
sections, (b) AE parallel cross-sections, (c) CE vertical cross-sec-
tions, (d) AE vertical cross-sections, (e) the variation of the effective
strain.

compared with CE. Generally, AE can bring the
additional shear during the extrusion process,
which indeed leads to further grain refinement.
This is another advantage of AE.

Figure 4a—c illustrates a unique grain color map
of the as-cast products and those processed with CE
and AE. Different colors represent different grains
rather than different orientations. To improve the
accuracy of the results, the grains less than 4 um
are cleared and the grain tolerance angle is 5°.
Figure 4d-f shows the grain structure perpendicu-
lar to the ED. According to statistical analysis of the
grain size, the average grain size of the original
billet is about 385 um. The original billet grains are
coarse and uneven which will cause materials
anisotropy and bad forming properties. After CE,
the average grain size is 8.27 um. The standard
deviation of the grain size after CE is 0.11 um. The
morphology of grains has changed dramatically.
Coarse grains are broken up and refined, but the
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distribution of grains is uneven. The banded struc-
ture which appears in the ED is clearly visible, and
there are a lot of relatively small grains parallel to
the ED. This indicates that the recrystallization
occurred during the deformation.?! After AE, the
grains are further refined and the average grain
size reaches 5.79 um. The standard deviation of the
grain size after AE is 0.21 yum. AE can bring
additional shear during the extrusion process,
which provides a larger strain and has an effect on
recrystallization. Therefore, the speed and rate of
recrystallization are increased, bringing about an
increasing number of refined grains. The number of
the refined grains is beneficial to the improvement
of the properties of AZ31 magnesium alloy.

Figure 5 shows the orientation maps and misori-
entation angles with different extrusion conditions.
Figure 5a—c is the grain orientation image of the
original billets, CE and AE, respectively. Each color
on the maps indicates a crystallographic orienta-
tion. The red color represents the basal texture. It
can be seen that the proportion of red decreases,
indicating that the (0001) planes gradually rotate in
the AE process.

Figure 5d—f presents the misorientation angle
distribution with different extrusion conditions. To
ensure credible results, the misorientation angles
less than 2° are not calculated. Most of the original
billet grain boundaries are low-angle grain bound-
aries (LAGBs). The 2°-15° misorientation angles
account for 65% and the average misorientation

angle is 24°. After CE, the fraction of LAGBs
decreases and the average misorientation angle
reaches 65°. After AE, the 2°-15° misorientation
angles account for 27% and the average misorien-
tation angle is 41°. Some studies have found that
recrystallization grains often have high grain
boundaries.???? Although the misorientation angles
of CE and AE are larger than that of the original
billet, low-angle grain boundaries still have a large
part. Therefore, the products after CE and AE may
experience an incomplete recrystallization.

Figure 6 shows the pole figures and inverse pole
figures (IPF) in different extrusion conditions. Fig-
ure 6a shows that the basal plane texture of the
original billet is scattered, indicating that there is a
certain angle between the planes of the grain and the
ED. After CE, the {0001} basal plane of most grains
are parallel to ED and texture intensity increases to
9.081, which demonstrates the formation of a typical
{0001} basal plane fiber extrusion texture via CE
process. Compared with CE, the {0001} basal plane is
minimized after AE. Most grains’ {0001} basal planes
are not parallel to EDé which is beneficial to activate
the basal slip system.?* On the whole, the texture is
inclined to weaken after the AE process.

Figure 6b shows IPF pictures, which are perpen-
dicular to the ND direction (an observation plane
composed by TD and ED). After CE, the {0001} basal
plane of most grains is approximately parallel to the
viewing plane. After AE, most of the grains have
been rotated and pyramidal planes of {1013} and
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Fig. 5. The orientation maps of (a) original billet, (b) CE and (c) AE; the misorientation angle of (d) original billet, () CE and (f) AE.
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Fig. 6. Texture evolution under different extrusion conditions: (a) 0001} pole figures, (b) IPF figures.

{1011} are parallel to the observation plane. The

intensities are: {1013} > {1011}. Type changes of
texture and texture weakening are beneficial to
reduce the anisotropy in the extrusion process of
AZ31 magnesium alloy, which can obtain a uniform
and stable plastic deformation and then improve the
ability of plastic forming.?*

Figure 7 presents the average values of the
tensile strength (TS), the 0.2% proof stress (YS)
and the elongation. It can be found that the strength

and elongation are improved. Compared with CE,
tensile strength increases from 271 MPa to
283 MPa, while elongation decreases from 13.8%
to 12.5%. The standard deviation of the tensile
strength after extrusion is 4.3 MPa and 7.8 MPa,
respectively. Grain refinement and texture modifi-
cation have been considered as effective methods to
improve the mechanical properties of magnesium
alloys. In addition to grain size and texture modi-
fication, the homogeneity microstructure also has a
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Fig. 7. The tensile properties of the billet, CE and AE at room temperature.

great influence on the mechanical properties of
magnesium alloys at room temperature. The TS is
mainly attributed to the average grain size. As can be
seenin Fig. 4, the average grain size of the AE sample
is smaller than those of the original and CE samples,
which will result in high TS. It is noticed that the CE
possesses relatively higher ductility than that of the
AE samples. The reason for the elongation decrease of
AE may be due to the fine brittle second-phase
Mg;Al;5 which causes some damage to the elonga-
tion. We have found an inhomogeneous microstruc-
ture of AE, which is the coexisting of very large grains
and ultrafine grains in Fig. 4. Therefore, the unho-
mogeneous microstructure is also mainly ascribed to
lower ductility. The research of Chang® revealed
that the homogeneity of the microstructure played a
significant role in the enhancement of ductility. Guo
et al.?® have found that the reduction in elongation
after 1 pass repetitive upsetting (RU) is attributed to
the inhomogeneous microstructure with the coexist-
ing of very large grains and ultrafine grains. This
special phenomenon will be further analyzed in
subsequent studies.

CONCLUSION

An effective extrusion process called AE has been
applied to fabricate an AZ31 magnesium alloy bar.
The effective strain, microstructure characteristics
and mechanical properties at room temperature are
examined. The results are as follows:

1. Compared to the CE process, AE has a more
excellent performance in refining the grain size.

2. The results show that the intensity of the basal
plane texture is weakened and the samples
fabricated using AE decline to form {1013} and
{1011} pyramidal plane textures.

3. In the case of the similar mechanical properties

of CE, the AE process provides a more econom-
ical extrusion method due to its lower extrusion
load than the CE process.
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