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Abstract: In this paper, the effects of extrusion–shear (ES)
on the microstructures and mechanical properties of AZ31
magnesium alloy has been studied, which has been
achieved by conducting a lot of experiments and tests,
including ES process, direct extrusion with different billet
temperatures, microstructure analysis, hardness test, ten-
sile & compression tests. The results show that the ES-
processed rods has higher strengths (yield strength and
tensile strength) than the direct extrusion ones with the
same billet temperature, which contributed to their lower
averaged grain size obtained from microstructure analysis
according to Hall–Petch relation. Besides, the hardness of
ES-processed AZ31 magnesium alloy decreases with the
increasing of billet temperature. By comparing the two
processes, it can be seen that the ES process could refine
the microstructure and improve the mechanical properties
of magnesium alloy.
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Introduction

Wrought magnesium (Mg) alloys have a great potential as
lightweight structural materials and they have wide indus-
trial applications [1–3], such as the automobile industry [4, 5].
Many new techniques have been developed and a lot of
experiments have been conducted to improve/refine the
microstructure [6–12], such as asymmetric extrusion [6],

accumulative roll bonding [8] and equal channel angular
extrusion (ECAE) [11], and they were found to be effective in
improving the formability of Mg alloys owing to grain refine-
ment. ECAE, a severe plastic deformation (SPD) technique,
has attracted great interests in manufacturing high-strength
Mg alloys [13, 14]. However, it is only used in the laboratory
and there is still existing an unbridgeable gap to be overcome
to put it into applications in industry. In the study of Orlov
et al. [15], he combined conventional extrusion and equal
channel angular pressing in a single processing step and
the processed material exhibited an excellent balance of
strength and tensile ductility due to the synergy of fine-
grained microstructure. Recently, a novel processing techni-
que named extrusion–shear (ES), which is continuous extru-
sion processes combining the extrusion and two successive
shears, has been studied by our research team [16–18].

As there is very little systematic researches about
the relationship between the process parameters and the
microstructure and mechanical properties of the ES pro-
cessed parts, it is necessary to optimize the process
parameters in ES in order to ensure high-performance
of Mg alloy. The ES die and extrusion die have been
designed, manufactured and carried out under different
billet temperatures. Effects of process parameters, espe-
cially the billet temperatures, on the grain sizes and
mechanical properties of AZ31 Mg alloy have been
explored.

Experiment

The ES die and direct extrusion die have been designed
and manufactured with their longitudinal section sche-
matic diagrams shown in Figure 1. As can be seen in
Figure 1(a), the ES die includes direction extrusion part
and two steps of ECAE with the channel angle of 120 °.
The direct extrusion die with extrusion ratio 12 has been
shown in Figure 1(b). The diameter of extrusion rods
extruded by ES process and direct extrusion are 15mm.
There are three deformation zones in ES die, which
includes ordinary extrusion zone, first shear deformation
zone and second shear deformation zone. Experiments
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have been conducted by using the tonnage of 500 ton on
the horizontal extrusion machines with container dia-
meter of 85mm.

This study focuses on AZ31B Mg alloy, and the AZ31
wrought Mg alloy has a typically proof stress of 160–240
MPa [19]. The billets have been machined into billets as
cast ones with diameter of 80mm. During the experi-
ments in this study, three billet temperatures (370, 400
and 420 ℃) and three different die temperatures (350,
380 and 400 ℃) have been used with the extrusion speed
kept as 0.5 m/min.

All the samples have been taken from the center of
fabricated rod. To reveal the microstructures, the AZ31 Mg
alloy samples for microstructures observations were fist
prepared with standard metallographic procedures,
including sectioning, mounting, grinding with SiC papers
up to the grit size of 1,000 and polishing with diamond
suspension down to 0.5 µm, and then etched with an
acetic acid and picric acid solution [20], which composes
2 ml acetic acid, 1 g picric acid, 5 ml water and 20 ml of
ethanol. In order to quantify the grain size, a measure-
ment method from Wang et al. [21] was applied with
multiple microscope images from different area measured
to achieve accurate results. The hardness of AZ31 Mg
alloy has been evaluated by Vickers micro-hardness
tests with the load of 100 g conducted at five randomly
selected separate points.

The AZ31 Mg alloy samples for tensile tests were
machined according to the ASTM standard with the
gauge length of 7mm. Three tensile test specimens have
been prepared for each process condition and the tensile

tests were conducted using an electronic universal testing
machine CMT 5150 at room temperature with the rate of
1mm/min.

Results and discussions

Effects of billet temperatures on grain sizes

The billet temperatures applied in the ES process are
370, 400 and 420 ℃, respectively. The effects of the
billet temperature on the average grain sizes of Mg
alloy are presented in Figure 2, and the comparison of
microstructure between direction extrusion and ES is
presented in Figure 3. It can be seen that the averaged
grain size increases obviously with the increasing of
billet temperature. For the direct extrusion process, the
mean grain sizes of the AZ31 samples deformed at 370,
400 and 420 ℃ are 12.5, 14 and 15.5 µm, respectively
(Figure 4). The Mg alloys are prone to dynamic recrys-
tallization (DRX) by hot extrusion process. However, the
higher temperature also results in the growth of the
DRXed grains size. The grain size became larger with
the increasing of the billet temperature, which indicates
that the extrusion temperature is an important factor in
controlling the microstructure of AZ31 Mg alloy [22, 23].
The same phenomenon of the effects of temperature on
the microstructure of Mg alloys during extrusion has
also been observed [7, 24, 25].

(a) 

(b) 

Figure 1: Schematic diagrams of longitudi-
nal section (unit: mm): (a) ES die structure
and (b) direct extrusion structure.
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For the ES process, the relationship between billet tempera-
ture and grain size is not as same linear as that in direct
extrusion. As shown in Figure 4, the average grain sizes of
Mg alloy fabricated by ES are much smaller than those
prepared by direct extrusion and they increase slowly
when the billet temperature increase from 370 to 400 ℃,
but increase significantly from 400 to 420℃, which demon-
strates that billet temperatures have significant effect on
the sizes of grains. The finer microstructure in ES could
be attributed to the shear deformation in ES process.

The extremely large shear strain has also found in ECAE,
and the shear stress has been proven to be very effective to
refine the microstructure [26]. Gong et al. [27] investigated
the differential speed rolling on Mg alloys and found that
the grain refinement could be achieved by the intense shear
deformation. The grain refinement mainly occurs in the
shear bands because the main portion of the plastic defor-
mation is thought to take place in the shear bands during
rolling. A smaller grain size in the shear bands indicates
that more intense plastic deformation concentrates on the

(a) (b)

(c)

Figure 2: Microstructure of bars with
different billet temperatures: (a) 370 ℃,
(b) 400 ℃ and (c) 420 ℃.

(a) (b)

Figure 3: Microstructure of bars at the
billet temperature of 400 ℃: (a) direct
extrusion and (b) ES process.
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shear bands during the differential speed rolling process.
The results validate that ES process could refine the grains
effectively if the billet temperature of billets is lower.

Effects of billet temperatures
on microhardness

The Vickers’s indentation tests have been conducted at
different positions in longitudinal sections of Mg alloy
rods fabricated by ES processes with different billet tem-
peratures, respectively, and the test results are shown in
Figure 5. The positions 1, 2 and 3 are located at the head

part, middle part and tail part of extruded rods, respec-
tively. It can be seen that the hardness will increase with
the increasing of the plastic deformation from positions
1–3 at the billet temperature of 370 ℃. The hardness at
position 1 strip is about HV 65 and increase to HV 68.5 at
position 3, which states that the hardness of the alloy
could be improved by plastic deformation attributed to
the strain hardening effect and grain refinement.

By comparing Figure 5, it can be seen that the hard-
ness values decrease with the increasing of billet tem-
peratures. This is because DRXs happen fully and
recrystallized grains grow up with billet temperature
increasing during the ES process [28, 29]. The mechanical
properties are also consistent with the microstructure
observation from Figure 2 and grain size measurement
from Figure 4.

Effects of billet temperatures
on tensile properties

The stress–strain curves from tensile tests are shown in
Figure 6. The tensile properties, including elongation,
yield strength and tensile strength, of AZ31 Mg alloy
fabricated by direct extrusion and ES process with differ-
ent billet temperatures are shown in Figure 7. It is
obvious that strengths (yield strength and tensile
strength) for AZ31 Mg alloy rods fabricated by ES are
much higher than that formed by direct extrusion with
about 20% sacrifice of the elongation.

Figure 4: Average grain sizes fabricated by ES process and direct
extrusion with different billet temperatures.

Figure 5: Micro-hardness of different position of rods fabricated by
ES process (error range: 3HV).

Figure 6: Engineering stress (σ) and strain curves of the AZ31 Mg
alloy processed by ES process and direct extrusion.

970 H.J. Hu et al.: The Microstructures and Mechanical Properties



As shown in Figure 7(b), the yield strengths of Mg alloy
fabricated by ES process are about 45MPa higher than those
fabricated by direct extrusion with billet temperatures of
370 and 400 ℃. But the difference decreases when billet
temperature is 420 ℃. The tensile strength of Mg alloy
formed by ES is higher than those fabricated by direct
extrusion with the same billet temperatures, as shown in
Figure 7(c). The effects of temperature on the tensile proper-
ties are complicated. Generally, the increase of the billet
temperature will result in the decrease of the yield strengths
and tensile strengths.

According to Hall–Petch equation [30], in the relation-
ship between strength and average grain size, the strength
increases as the average grain size is reduced. As to the
effect of billet temperature, the higher the billet tempera-
ture, the coarser the microstructure, and subsequently the

lower the strength. Besides, comparing to direct extrusion
rods, the ES-processed rods present smaller grain size and
the strengths are much higher. However, the elongation is
smaller for the ES processed rods, because the elongation is
not only influenced by the grain size, it is also impacted by
the internal stress and dislocation density [31–33]. Further
study is needed to study the stress, texture in the AZ31
extrusion rods. In addition, heat treatment is needed to
explore the further increase of the plasticity in order to
meet industrial application of Mg alloys.

Conclusions

As an SPD technique, ES process has the ability to pro-
cess Mg alloy with fine grains and superior mechanical

(a) (b) 

(c) 

Figure 7: Effects of billet temperatures on properties of Mg alloy fabricated by ES process and direct extrusion at different temperatures:
(a) elongation, (b) yield strength and (c) tensile strength.
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properties. The effect of ES conditions, especially for
billet temperature, on the microstructures and mechan-
ical properties of AZ31 Mg alloy has been investigated in
this study by performing ES process and direct extrusion
under different billet temperatures, microstructures ana-
lysis, hardness tests, compression tests and tensile tests.
The major findings are summarized as follows:
(1) For both direct extrusion and ES processes, the

averaged grain size of AZ31 Mg alloy increases with
the increasing of billet temperature. Subsequently,
the hardness of Mg alloys fabricated by ES process
decreases with billet temperatures increasing.

(2) The average grain sizes prepared by ES are smaller
than that fabricated by direct extrusion with the
same billet temperatures. The shear deformation in
the ES could be attributed to the grain refinement.

(3) When comparing with the Mg alloy formed by direct
extrusion, ES-processed Mg alloy have a higher
yield strength and tensile stresses with lower elon-
gations under the same billet temperatures.
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