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Abstract: AZ31 magnesium alloy sheets were prepared by low-speed extrusion at different
temperatures, i.e., 350 °C, 400 °C, and 450 °C. The microstructure evolution and mechanical properties
of extruded AZ31 magnesium alloy sheets were studied. Results indicate that the low-speed extrusion
obviously improved the microstructure of magnesium alloys. As the extrusion temperature decreased,
the grain size for the produced AZ31 magnesium alloy sheets decreased, and the (0001) basal texture
intensity of the extruded sheets increased. The yield strength and tensile strength of the extruded
sheets greatly increased as the extrusion temperature decreased. The AZ31 magnesium alloy sheet
prepared by low-speed extrusion at 350 °C exhibited the finest grain size and the best mechanical
properties. The average grain size, yield strength, tensile strength, and elongation of the extruded
sheet prepared by low-speed extrusion at 350 °C were ~2.7 um, ~226 MPa, ~353 MPa, and ~16.7%,
respectively. These properties indicate the excellent mechanical properties of the extruded sheets
prepared by low-speed extrusion. The grain refinement effect and mechanical properties of the
extruded sheets produced in this work were obviously superior to those of magnesium alloys prepared
using traditional extrusion or rolling methods reported in other related studies.
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1. Introduction

At present, magnesium alloy products have been used in almost every aspect of human life.
For example, magnesium alloys can be used to produce light-weight automobile components or to
satisfy the noise-absorbing, shock-absorbing, and radiation-resistance requirements in the aerospace
industry [1,2]. Magnesium alloys can also be used to build lighter weapons and equipment for military
use, which will enhance maneuverable tactical performance and performances in remote and precision
strikes. Further, magnesium alloys have also been used widely in electrical and information industries
due to their advantages, e.g., the high specific strength, good thermal and electrical conductivity,
environmental friendliness, and excellent electromagnetic shielding performance, and because they
meet the requirements for light, thin, and small-footprint 3C products [2]. Therefore, accelerated
research and development of magnesium alloy materials will have a profound impact on the promotion
of societal development and human life improvement.
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Currently, the majority of magnesium alloy products are castings, especially die-castings [2,3].
However, the microstructures of such products are not ideal and the mechanical properties are poor,
which has greatly hindered the wider applications of magnesium alloys. The deformed magnesium
alloys prepared by plastic processing typically exhibit higher strength and toughness, and can thus
meet the requirements of a good deal of structural components [4,5]. Forward extrusion is a widely
used plastic processing method in the production of wrought magnesium alloys. During the extrusion,
the material will be subjected to high hydrostatic pressure, and a large amount of deformation will
occur, which is beneficial for eliminating microstructure defects in the ingots, thus effectively improving
the comprehensive properties of the material [6]. In comparison to other plastic processing methods,
e.g., forging and rolling, the extrusion process has the following advantages. First, the extrusion
process is highly flexible and easy to perform. Second, the precision in terms of the size of the extruded
products and the surface quality is high. Therefore, investigations of extruded magnesium alloys have
been the subject of research. Han et al. [7] prepared AZ31 magnesium alloy sheets with a fine grain
size of 1.4 um by accumulated extrusion at 200 °C with an extrusion speed of 6 mm/s and an extrusion
ratio of 12.8:1. Yang et al. [8] studied microstructure evolution of AZ31 magnesium alloys extruded
by a high extrusion ratio of 94:1 at 430 °C, and an inhomogeneous microstructure with fine grains
(~8 pm) and coarse grains (~25 pm) was obtained. Jiang et al. [9] studied microstructure evolution
of AZ31 magnesium alloy extruded at 300 °C with an extrusion speed of 10 mm/s and revealed the
generation of basal texture variations. However, most studies have mainly focused on understanding
the microstructure and mechanical properties of magnesium alloys produced by extrusion with a
relatively high extrusion speed [7-9]. Based on previous studies, in the present work, the effects of
low-speed extrusion on the microstructure evolution and mechanical properties of AZ31 magnesium
alloys under different extrusion temperatures were investigated, with the aim of producing AZ31
magnesium alloy sheets with fine microstructure and excellent mechanical properties.

2. Experiment Procedures

The extrusion temperature of magnesium and its alloys is usually 300450 °C. To understand the
effect of low-speed extrusion on the microstructure and mechanical properties of AZ31 magnesium
alloys, the microstructure evolution and mechanical properties of the sheets prepared by low-speed
extrusion at 350 °C, 400 °C, and 450 °C were investigated. Commercially available AZ31 magnesium
alloy rods having a diameter of 40 mm were applied as original samples. The DK7720 electrical-discharge
wire-cutting machine (Taizhou Huadong CNC Machine Tool Co. LTD, Taizhou, China) was used to
process the original samples into cylindrical samples having a diameter of 40 mm and a height of
30 mm. The cylindrical samples were then annealed in the KSL-1200X heating box furnace (Hefei
Kejing Material Technology Co. LTD, Hefei, China) at 400 °C for 2 h and subsequently extruded at
350 °C, 400 °C, and 500 °C on a hydraulic press (Jinan Zhonglu Chang Testing Machine Manufacturing
Co. LTD, Jinan, China), respectively. Prior to extrusion, the extrusion mold placed in a hollow
furnace was heated to the extrusion temperature and maintained for 2 h. The wire-cut cylindrical
samples were then placed in the mold and maintained for 1.5 h under the extrusion temperature.
Low-speed extrusion was then performed, and the extruded samples were cooled instantly in water
after extrusion. An extrusion rate of 1 mm/s and an extrusion ratio of 16:1 were applied in this
work. The extruded magnesium alloy sheets were 30 mm in width and 2 mm in thickness. Optical
microscopy (Keenz Corporation, Osaka, Japan) and electron back scattering diffraction (EBSD) (Oxford
Instruments, Oxford, England) installed on a FIB/ SEM double-beam electron microscope (TESCAN,
Brno, Czech Republic) were applied to study the microstructure evolution of the extruded magnesium
alloy sheets. The electrical-discharge wire-cutting machine was used to cut the extruded sheets along
the extrusion direction. The bone-shaped tensile samples had gauge dimensions of 10 mm (length)
x 3 mm (width) X 2 mm (thickness). The tensile testing was conducted using an AGX-XD-30 kN
electronic universal testing machine (Shimazu Instrument (Suzhou) Co. LTD, Suzhou, China) at
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ambient temperature, where the tensile strain rate was 1 x 1073 ™. Three tensile tests were performed
for each extruded condition.

3. Results and Discussion

3.1. Microstructure of Original AZ31 Magnesium Alloy Rod

As indicated by Figure 1, the microstructure of the original magnesium alloy rod was very
inhomogeneous. Coarse equiaxed grains, fine equiaxed grains, and elongated grains all existed in the
original magnesium alloy rod. This is because the deformation degree of the original magnesium alloy
bar cannot reach the conditions of complete recrystallization during production. The deformation
amount in some areas is below the critical deformation degree, where dynamic recrystallization cannot
occur, which results in the existence of coarse equiaxed and elongated grains, i.e., incomplete dynamic
recrystallization [10,11]. Figure 2 presents the EBSD map with the (0002), (1010), and (1120) pole
figures of the original rod. Coarse equiaxed grains, fine equiaxial grains, and elongated grains were
all observed within the original magnesium alloy rod, indicating an inhomogeneous microstructure,
as in the results of metallographic microstructure analyses. As indicated by the (0002) pole figure in
Figure 2, a typical annular extruded fiber texture was observed in the original magnesium alloy bar,
where the (0002) basal planes in the majority of grains were parallel to the extrusion direction, and the
max intensity of basal texture was 15.08. It can be seen from Figure 2 that the preferred orientations
of the (1010) and (1120) prismatic planes in the original AZ31 magnesium alloy bar are not obvious.
The (1010) pole figure indicates that the (1010) prismatic plane is parallel to the extrusion direction.
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Figure 2. (a) Electron back scattering diffraction (EBSD) map and (b) (0002), (c) (1010), (d) (112 0) pole
figures of original AZ31 magnesium alloy rod.
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3.2. Microstructure of AZ31 Magnesium Alloy Sheets Prepared by Low-Speed Extrusion

Figure 3 presents the positions for microstructure observation of the extruded sheet prepared
by low-speed extrusion. Figure 4 presents the metallographic microstructure of the extruded
sheets prepared by low-speed extrusion at different temperatures, where Figure 4a—c indicates
the metallographic microstructure at position 1 suggested by Figure 3, and Figure 4d—f shows
the metallographic microstructure at position 2. As indicated by Figure 4a—c, at position 1 of the
extruded sheets, dynamic recrystallization occurred at the grain boundary and a ring-shaped fine
grain microstructure formed. This phenomenon became more obvious for the sheets extruded at
350 °C and 400 °C. The deformation amount of the magnesium alloy was minor at position 1, and the
stored deformation energy was also insufficient such that partial original coarse grains and elongated
deformed microstructure were still preserved. Because of the high degree of plastic deformation and
dramatic dynamic recrystallization, the microstructure of the extruded sheets prepared by low-speed
extrusion under different temperatures became more homogeneous at position 2, and the average grain
size was reduced. Fine equiaxed grains formed via dynamic recrystallization in the extruded sheets
prepared by low-speed extrusion. During the dynamic recrystallization process, the average size (d) of
recrystallized grains has the following relationship with the Zener-Hollomon parameter (Z): Ind =
A — BInZ. Further, Z, which represents the temperature-modified strain rate, is Z = cexp (Q/RT) [12].
Here, A and B are constants, € denotes the strain rate during extrusion, Q denotes the deformation
activation energy, T denotes the extrusion temperature, and R is the gas constant. It is concluded
from the above formula that the size for dynamic recrystallized grains is inversely proportional to
InZ and that Z is also inversely proportional to temperature T. Therefore, the average size of grains
formed by dynamic recrystallization increased as the extrusion temperature rose. As indicated by
Figure 4d—f, with increasing extrusion temperature, the grain size of the extruded sheets prepared by
low-speed extrusion at position 2 increased. The average grain sizes of the AZ31 magnesium alloy
sheets extruded at 350 °C, 400 °C, and 450 °C were 2.7 + 0.2 um, 4.1 + 0.3 um, and 6.0 = 0.3 um,
respectively. Thus, the influence of low-speed extrusion on the grain refinement of AZ31 Mg alloy
sheets was dramatic. Furthermore, the grain size of ~2.7 um for the extruded sheets produced by
low-speed extrusion at 350 °C was substantially lower than the average grain size of extruded AZ31
magnesium alloys reported in the literature [13-15]. Li et al. [13] suggested that the average grain
size of AZ31 alloy sheets prepared by continuous variable cross-section direct extrusion at 350 °C,
an extrusion speed of 1 mm/s, and an extrusion ratio of 44.4 was 6.18 um. Xu et al. [14] prepared AZ31
magnesium alloys by forward extrusion having an extrusion ratio of 33:1 and an extrusion temperature
of 400 °C, and the average grain size was 9.3 um. Pan et al. [15] prepared AZ31 magnesium alloys by
conventional direct extrusion with an extrusion ratio of 31.52 at 400 °C, and the microstructure was
very inhomogenous, which consisted of 6-8 um fine grains and 13-16 pum irregular elongated grains.

Figure 3.  Positions for microstructure observation of the extruded sheet prepared by
low-speed extrusion.
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Figure 4. Metallographic microstructure of the extruded sheets prepared by low-speed extrusion at
different temperatures: (a,d) 350 °C; (b,e) 400 °C; (c,f) 450 °C.

Figure 5 presents the EBSD maps and (0002), (1010), and (1020) pole figures at position 2 of the
extruded sheets produced by low-speed extrusion at different temperatures. The EBSD maps in Figure 5
also show that the extruded sheets prepared by low-speed extrusion had a uniform microstructure,
and the grain size increased as the extrusion speed rose; the results are similar to those in Figure 4.
As indicated by the (0002) pole figure in Figure 5, all the extruded sheets produced by low-speed
extrusion exhibited a typical (0002) basal texture, and the (0002) basal planes in the majority of grains
were parallel to the extrusion direction. Further, with increasing extrusion temperature, the max basal
texture intensity of the extruded sheets decreased gradually. The max basal texture intensity of the
extruded sheets produced by extrusion at 350 °C, 400 °C, and 450 °C was 18.03, 16.01, and 15.82,
respectively. This was because as the extrusion temperature rose, the critical resolved shear stress
(CRSS) of the non-basal slips, such as prismatic slip and pyramidal slip, of the magnesium alloys
decreased. For instance, for magnesium alloys, the CRSS of the prismatic slip was close to that of the
basal slip, when the deformation temperature was above 300 °C [16,17]. Hence, the initiation of more
non-basal slips, e.g., prismatic slip and pyramidal slip, will lead to the increase of grains having a
non-basal orientation, which results in the relative decrease of basal texture strength [18,19]. In addition,
as indicated by the (1010) and (1020) pole figures in Figure 5, there was no preferred orientation for the
(1010) and (1020) prismatic planes in the extruded sheets prepared by low-speed extrusion.

3.3. Mechanical Properties of AZ31 Magnesium Alloy Sheets Prepared by Low-Speed Extrusion

Figure 6 indicates the true tensile stress—strain curves of AZ31 magnesium alloy sheets fabricated
by low-speed extrusion at different temperatures. The true stress—strain curves were determined
along the extrusion direction under room temperature. Table 1 presents their mechanical properties,
i.e., the yield strength, tensile strength, and elongation. As indicated in Figure 6, as the extrusion
temperature decreased, the tensile stress—strain curve of the extruded sheets increased gradually, and
the yield strength and tensile strength also increased gradually, but the elongation changed slightly.
As indicated by Table 1, the extruded sheet obtained by low-speed extrusion at 350 °C exhibited
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the highest overall mechanical properties. Its yield strength, tensile strength, and elongation were
~226 MPa, ~353 MPa, and ~16.7%, respectively, which are much larger than those of the AZ31 alloy
sheets prepared using the traditional extrusion or rolling processes reported in the literature [20-22].
For example, Yang et al. [20] prepared AZ31 alloy sheets by the forward extrusion process at 430 °C
having an extrusion ratio of 10:1 and an extrusion rate of 20 mm/s; the extruded magnesium alloy
sheet had a yield strength, tensile strength, and elongation of ~156 MPa, ~327 MPa, and ~19.7%,
respectively. Li et al. [21] prepared AZ31 alloy sheets at the extrusion temperature of 380 °C, and
the yield strength, tensile strength, and elongation of the sheets were 107 MPa, 230 MPa, and 19.3%,
respectively. Zhou et al. [22] prepared AZ31 alloy sheets using the traditional rolling process with
different rolling speed, and the prepared sheets rolled at a rolling speed of 0.1 mm/s exhibited a yield
strength, tensile strength, and elongation of 174 MPa, 279 MPa, and 18.9%, respectively. In addition,
as the extrusion temperature rose, the mechanical properties of the extruded sheets prepared by
low-speed extrusion deteriorated. The yield strength, tensile strength, and elongation of the sheet
extruded at 400 °C were ~200 MPa, ~332 MPa, and ~16.4%, respectively, whereas at the extrusion
temperature of 450 °C, they were ~177 MPa, ~320 MPa, and ~17.3%, respectively.
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Figure 5. EBSD maps and (0002), (1010), (10 20) pole figures of the extruded sheets prepared by
low-speed extrusion at different temperatures: (a) 350 °C; (b) 400 °C; (c) 450 °C.
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Table 1. Mechanical properties of the extruded sheets fabricated by low-speed extrusion.

Extrusion Temperature Yield Strength (MPa) Tensile Strength (MPa) Elongation (%)
350 °C 226 + 3 353 +3 16.7 £ 0.2
400 °C 200 + 2 332+3 164 +0.4

450 °C 177 + 2 320+ 4 173+ 0.3
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Figure 6. True tensile stress—strain curves of the extruded sheets fabricated by low-speed extrusion.

As indicated by the above results of microstructure analyses, a higher extrusion temperature led
to a larger grain size of the extruded sheets prepared by low-speed extrusion, while the grain size
had a profound effect on the mechanical properties of metallic materials. Because the grain boundary
will hinder the movement of dislocations, the stress concentration generated by the piling up of
dislocations in large grains is more likely to induce the occurrence of plastic deformation in adjacent
grains compared to that in fine grains. The stress concentration in fine grains is less severe, so a large
external stress is required to activate the deformation in adjacent grains [23,24]. Hence, the extruded
sheets prepared at 350 °C, having a finer grain size, exhibited a higher strength. In addition, the basal
texture strength also has an impact on the yield strength of magnesium alloys. Weak basal texture
strength favors the initiation of basal slips during plastic deformation [25], resulting in a low yield
strength. This is one of the reasons why the yield strength of the produced sheets decreased with
increasing extrusion temperature.

4. Conclusions

This work investigated the effect of the extrusion temperature on the microstructure evolution
and mechanical properties of AZ31 magnesium alloy sheets prepared by low-speed extrusion. Results
indicated that low-speed extrusion led to the effective refinement of microstructure and enhancement
of the mechanical properties of the AZ31 magnesium alloys. When the extrusion temperatures were
350 °C, 400 °C, and 450 °C, the average grain sizes of the extruded sheets were ~2.7 um, ~4.1 pm, and
~6.0 num, respectively. A strong (0002) basal texture was observed within the prepared sheets, and the
max basal texture intensity was reduced as the extrusion temperature rose. Further, the mechanical
properties of the sheets prepared by low-speed extrusion deteriorated as the extrusion temperature
rose. When the extrusion temperature was 350 °C, the highest overall mechanical properties were
observed, where the yield strength, tensile strength, and elongation were ~226 MPa, ~353 MPa, and
~16.7%, respectively.
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