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Abstract: Mg–Al binary alloys in the concentration range from 0 to 4.0 wt.% Al have been prepared
under conventional casting conditions. The as-cast Mg and Mg–Al alloys after solution treatment
were processed via hot extrusion at 350 ◦C. The results show that Al has a positive influence on grain
refinement and solution strengthening. The as-extruded Mg–Al alloys are fully recrystallized, and the
tensile yield strength of the binary alloys is two times higher than that of pure Mg. Furthermore, the
elongations of Mg–Al alloys are much higher than that of pure Mg. In addition, Mg and Mg–Al alloys
were further studied by the viscoplastic self-consistent (VPSC) model to explore the activation and
evolution of deformation modes. The simulation results match well with the experimental results.

Keywords: magnesium; alloying element; solution strengthening; viscoplastic self-consistent model

1. Introduction

As the lightest structural metallic material, magnesium has much wide application
prospect, because of its good castability, good machinability, good electromagnetic shielding
capability, good weldability and so on. It is known that the application of Mg alloys would
be more extensive if they have good plastic deformability [1].

Adding alloying elements to pure magnesium can make a significant improvement,
so that magnesium alloys are provided with various properties to meet different require-
ments [2,3]. Aluminum is the commonly used alloying element to improve the mechanical
properties, enhance die castability and corrosion resistance of magnesium alloys [4,5]. Al in
Mg alloys has two existence forms: one exists in Mg17Al12 phases, the other solubilizes in
the Mg matrix. Usually, the addition of Al leads to obvious grain refinement for Mg alloys,
because the aluminum compound particles are the active heterogeneous nucleation sites
for the Mg matrix [6,7]. Generally, Mg17Al12 phases can significantly affect the corrosion,
wear and mechanical properties of Mg–Al alloys [8–10]. Many studies show that the exis-
tence of Mg17Al12 precipitates has a great influence on the grain structure during thermal
deformation, thus affecting the strength of the deformed alloy [11–14]. However, the effect
of Al atoms solid solution in Mg on the mechanical properties and deformation behavior of
magnesium alloys is rarely studied.

Recently, more and more researchers have paid attention to the study of deformation
mechanisms and the parameters that affect the mechanical properties that could be analyzed
by means of the simulation method [15–19]. The viscoplastic self-consistent (VPSC) model
is a powerful tool to predict texture evolution and macroscopic plastic of polycrystalline
aggregates, which is widely applied for hcp metal, especially for Mg alloys [20]. The
VPSC model was originally due to Molinari et al. [21] and extended to fully anisotropic
behavior and comprehensive derivations by Lebensohn and Tomé [22,23]. Many researchers
discussed the plastic deformation and evolution of texture of Mg–Y, Mg–Gd, AZ31, ZK60
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and other Mg alloys by VPSC modeling [24–26]. These studies showed that the simulated
results were in good agreement with the measurement.

In this work, the microstructure and mechanical properties of Mg–Al solid solution
alloys with different Al concentrations were investigated. Furthermore, we utilized VPSC
simulation to investigate the deformation behaviors of the binary alloys in order to explain
the effect of Al in solid solution on the deformation mechanism of Mg–Al alloys.

2. Materials and Methods

The Mg–xAl (x = 1, 2, 3, 4) alloys were prepared from pure commercial Mg (>99.97 wt.%)
and pure Al (>99 wt.%) by an electric resistance furnace under the protective of a gas mix-
ture of CO2 and SF6 at 730 ◦C. Then, the melt was poured into a steel mold with cylindrical
cavity of 100 mm in diameter and 150 mm in height, which preheated 320 ◦C. The chemical
composition of the samples was analyzed by X-ray Fluorescence (Shimadzu XRF-1800,
Shimadzu, Japan), and the results were given in Table 1. The as-cast Mg–Al alloys were
homogenized at 420 ◦C for 20 h and cooled in air. The billets were preheated to 300 ◦C for
1 h and extruded by a XJ-500 Horizontal Extrusion Machine (Yuanchang Machinery, Wuxi,
China) made in China at a constant force. Solid rods are approximately 16 mm in diameter,
corresponding to the extrusion ratio of 25:1 and the speed was 1 mm/min and air-cooled.
Afterward, the tensile specimens of as-extruded rods along the extrusion direction were
machined with 5 mm in diameter and 25 mm in length in the gauge section.

Table 1. Compositions and mechanical properties of the as-extruded Mg–Al alloys.

Alloys Compositions
(wt.%)

TYS
(MPa)

UTS
(MPa)

FE
(%)

Mg Mg 75 ± 0.5 182 ± 0.8 15.1 ± 0.2
Mg–1Al Mg–1.06Al 142 ± 1.7 225 ± 1.2 17.1 ± 0.6
Mg–2Al Mg–1.99Al 151 ± 0.9 230 ± 0.9 20.4 ± 0.8
Mg–3Al Mg–3.07Al 156 ± 0.8 240 ± 0.5 21.3 ± 0.9
Mg–4Al Mg–3.96Al 160 ± 1.2 251 ± 0.8 20.8 ± 0.9

The microstructure of solution-treated samples and the untreated ones were observed
with a scanning electron microscope (SEM, Tescan Vega II, Czech Republic). Phases and
texture analysis of as-extruded alloys was carried out on a transverse section by X-ray
diffraction with a Cu target (XRD, D/MAX-2500PC, Rigaku, Tokyo, Japan). The measure-
ment angular range of phases analysis was from 20◦ to 90◦, and the angular step was
1.0◦/min. An optical microscope (OM, Zeiss Axio Observer A1, Zeiss, Germany) was used
to observe the microstructure of the extruded samples on the longitudinal section. The
metallographic samples for OM and SEM observations were firstly ground with SiC papers,
flowed by chemically etched in alcohol nitrate solution for ~20 s. The grain size was mea-
sured by the linear intercept method using OM images. EBSD analysis was carried out in a
SEM (JEOL JSM-7800F, Tokyo, Japan) equipped with an Oxford Instruments NordlysNano
EBSD detector using Aztec and Channel software to collect and analyzed data. Besides,
EBSD was performed at 20 KV, 14 mm working distance, 70◦ tilt and 0.8–1.0 µm scan steps.

To investigate the mechanical properties at room temperature, the samples were pulled
to failure in a universal testing machine (CMT5105) at a constant strain rate of 1 × 10−3 s−1.

The results of ultimate tensile strength (UTS), tensile yield strength (TYS, offset = 0.2%)
and elongation of fracture (FE) were the average value measured at least three specimens
from different location of the extruded rods. The deformation behavior during tensile
deformation is analyzed by VPSC modeling. The interaction between grains in polycrystal
was taken into account in the model; each grain is treated as an ellipoisal viscoplastic
inclusion embedded in an effective viscoplastic medium. The viscoplastic constitutive
behavior was described by means of the nonlinear rate-sensitivity equation [21–23]:
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εij(x) = ∑s mij
sγs(x) = γ0 ∑s mij

s
{

mkl
sσkl(x)
τs

}
(1)

In the above expression τs and mij
s were the threshold stress and the symmetric

Schmid tensor associated with slip (or twin) systems; εij(x) and σkl(x) were the deviatoric
strain-rate and stress; γs(x) was the local shear-rate on slip systems. It was characterized by
an evolution of the threshold stress with accumulated shear strain in each grain of the form:

τs = τ0
s + (τ1

s + θ1
sΓ)

(
1 − exp

(
−Γ

∣∣∣∣ θ0
s

τ1
s

∣∣∣∣))
(2)

In this formula Γ = ∑s ∆γs was the accumulated shear in the grain; τ0, (τ0 + τ1), θ0,
θ1 were the initial CRSS, the back-extrapolated CRSS, the initial hardening rate and the
asymptotic hardening rate.

3. Results and Discussion

The SEM micrographs of the as-cast Mg–Al alloy and the solid solution alloys are
shown in Figure 1. According to Mg–Al binary phase diagram, aluminum can form the
finite solid solution with Mg, while the maximum solubility is about 2 wt.% at room
temperature [27]. According to Figure 1a,c,e,g, there are a few second phases in the Mg–Al
alloy when the concentration of Al is under 2 wt.%. With the increase of Al concentration,
the number of second phase particles increases, and the size of second phase particles
becomes bigger. To figure out the second phase, detailed views of the as-cast Mg–4Al alloy
are shown in Figure 2. According to the energy dispersive spectroscopy (EDS) results,
the dark field (A) is the Mg matrix; the bright lumps (B) and particles (C) consist of
magnesium and aluminum, which should be β-Mg17Al12. A comparison of the untreated
(Figure 1a,c,e,g) with homogenized samples (Figure 1b,d,f,h) indicates that the second
phases are nearly dissolved into the matrix within the four different samples at 420 ◦C after
heat-treatment of the solid solution.

Figure 3a shows XRD patterns of Mg and solution-treated Mg–Al alloys. Only Mg
is detected in the patterns. Peaks of Mg are in agreement with the standard pattern (PDF
#65-3365) [28]. Figure 3b shows the comparison of XRD patterns between as-cast and
solution-treated Mg–4Al alloy. It can be seen that there are some Mg17Al12 phases in as-cast
Mg–4Al alloy. After heat treatment, Mg17Al12 phases are dissolved in Mg matrix and
peaks of solution treated Mg–4Al alloy deviate from the standard pattern to small angle.
According to Bragg equation, the diffraction peaks shift a little to the right, which means
the diffraction angle (θ) increases and the crystalline interplanar spacing (d) decreases
correspondingly. The phenomenon reveals that some locations of Mg have been taken up
by smaller atoms (Al), which leads to the change in the crystalline structure. As is known
to all, lattice distortion will affect the properties of Mg alloys, such as the improvement of
yield strength [29,30].

The OM images in Figure 4a–e show the longitudinal-sectional microstructure evolu-
tion of extruded Mg–Al alloys. As demonstrated in Figure 4a, the as-extruded Mg exhibited
a partly recrystallized grain size of 35.3 ± 8.2 µm even though it has a minority of elongated
grains along the extrusion direction. The average grain size of Mg–xAl (x = 1, 2, 3, 4) alloys
are 24.3 ± 6.8 µm, 20.3 ± 5.6 µm, 17.7 ± 4.8 µm and 16.6 ± 4.1 µm, respectively. It can be
seen that Al has a positive influence on grain refinement, and grain size is related to the
Al concentration. However, there is little difference in grain size between Mg–3Al alloy
(Figure 4d) and Mg–4Al alloy (Figure 4e), and it implies that the average grain size won’t
change significantly when the concentration of Al is more than 3 wt.%. Figure 4f shows
the SEM image obtained from Mg–4Al alloy, and the EDS results show that most of Al are
dissolved in the Mg matrix.
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Figure 4. Optical microscope images of the as-extruded Mg–Al alloys with different Al content along
the extrusion direction: (a) Mg, (b) Mg–1Al, (c) Mg–2Al, (d) Mg–3Al, (e) Mg–4Al, and (f) SEM image
obtained from Mg–4Al alloy.

Figure 5 shows the actual stress–strain curves, and mechanical properties of Mg and
Mg–Al alloys at room temperature are listed in Table 1. Tensile yield strength (TYS), ultimate
tensile strength (UTS) and fracture elongation (FE) of Mg are 75 MPa, 182 MPa and 15.1%,
respectively. Meanwhile, these properties of Mg–Al alloys are all improved remarkably.
What’s more, for Mg–xAl (x = 1, 2, 3, 4) alloys, yield strength increases from 142 MPa to
160 MPa, and ultimate tensile strength rises from 225 MPa to 251 MPa. And the fracture
elongation of Mg–3Al reaches the maximum of 21.3% among four Mg–Al alloys. The yield
strength of all Mg–Al alloys is nearly twice as much as Mg. However, continuing to add
aluminum cannot improve the properties sharply. This variation tendency goes along
with the mechanical testing results of as-cast Mg–6Zn alloy, of which tensile properties are
gradually improved within the range of 0~3% Al [25]. In other words, the solid solution of
Al has a favorable effect on mechanical properties of pure Mg.



Metals 2022, 12, 84 6 of 11

Metals 2022, 11, x FOR PEER REVIEW 7 of 12 
 

 

15.1%, respectively. Meanwhile, these properties of Mg–Al alloys are all improved re-
markably. What’s more, for Mg–xAl (x = 1, 2, 3, 4) alloys, yield strength increases from 142 
MPa to 160 MPa, and ultimate tensile strength rises from 225 MPa to 251 MPa. And the 
fracture elongation of Mg–3Al reaches the maximum of 21.3% among four Mg–Al alloys. 
The yield strength of all Mg–Al alloys is nearly twice as much as Mg. However, continuing 
to add aluminum cannot improve the properties sharply. This variation tendency goes 
along with the mechanical testing results of as-cast Mg–6Zn alloy, of which tensile prop-
erties are gradually improved within the range of 0~3% Al [25]. In other words, the solid 
solution of Al has a favorable effect on mechanical properties of pure Mg.  

 
Figure 5. Tensile stress–strain curves of the as-extruded Mg–xAl (x = 0, 1, 2, 3, 4) alloys. 

The EBSD results (inverse pole figure (IPF) maps) obtained from the cross section of 
the alloy are shown in Figure 6. It is shown that grains of Mg and Mg–Al alloy have the 
similar orientation by the color distribution in IPF maps. In these system alloys, green 

zone illustrated that the grain is orientated with (101
—

0) plane and blthe ue zone represents 

(112
—

0) plane. That is to say, the as-extruded samples present a basal texture that the basal 
planes of most grains parallel to the extrusion direction. Still, small variation goes forward 
along with the concentration, the region of green and blue trends to narrow down slightly, 
which illustrates that the addition of Al modifies the grain orientation in Mg–Al alloy and 
weaken the texture. 

 

ND 

TD 

（0001） （101
—

0） 

（121
—

0） 

Figure 5. Tensile stress–strain curves of the as-extruded Mg–xAl (x = 0, 1, 2, 3, 4) alloys.

The EBSD results (inverse pole figure (IPF) maps) obtained from the cross section of
the alloy are shown in Figure 6. It is shown that grains of Mg and Mg–Al alloy have the
similar orientation by the color distribution in IPF maps. In these system alloys, green
zone illustrated that the grain is orientated with (1010) plane and blthe ue zone represents
(1120) plane. That is to say, the as-extruded samples present a basal texture that the basal
planes of most grains parallel to the extrusion direction. Still, small variation goes forward
along with the concentration, the region of green and blue trends to narrow down slightly,
which illustrates that the addition of Al modifies the grain orientation in Mg–Al alloy and
weaken the texture.
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Figure 6. EBSD of as-extruded Mg–Al alloy (a) Mg, (b) Mg–1Al, (c) Mg–2Al, (d) Mg–3Al, (e) Mg–4Al.

Figure 7 is pole figures to show the texture of the cross-sectional as-extruded alloys
measured by XRD. Most hcp materials present a basal texture around the extrusion axis
which is developed during uni-axial deformation, and it is also commonly observed after
round extrusion of wrought magnesium alloys. Mg and Mg–Al alloys show a typical
ring fiber texture according to the graphs. The maximum value of texture intensities of
Mg–xAl (x = 0, 2, 4) alloys are 4.2 multiples of random distribution (m.r.d), 3.1 m.r.d,
3.1 m.r.d, respectively. Coinciding with EBSD analysis, it indicates that the addition of Al
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has a tendency to weaken basal texture, which could benefit the elongation of alloys at
room temperature.
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Figure 7. Pole figure of as-extruded Mg–Al alloys measured by X-ray diffraction: (a) Mg, (b) Mg–2Al,
(c) Mg–4Al.

Strong basal texture of Mg alloys leads to higher tensile yield strength due to the
activity of basal slip, which requires higher shear stress [31–33]. On the contrary, some
alloying elements [30,31], such as Al can weaken basal texture based on Figure 7. Generally,
if tension stress along the extrusion direction is applied on the samples as investigated in
this paper, basal slip of Mg–Al alloys will be prone to be activated compared with Mg, then
Mg–Al alloys would suffer a loss of yield strength. However, the yield strengths of Mg–Al
alloys do not decrease but increase, which should be influenced by other strengthening
mechanisms. According to Hall–Patch relationship [34], it’s found that the coefficient of
Hall–Patch is 180 MPaµm1/2 when the grain size is about 20 µm. In this work, the strength
contribution from grain boundaries of Mg–xAl (x = 1, 2, 3, 4) alloys is 37 MPa, 40 MPa,
43 MPa and 44 MPa, respectively. Combining with the consequence of Figure 3, most of
Al atoms dissolve in the Mg matrix, resulting in solid solution strengthening. Therefore,
Mg–Al alloys show higher yield strength than Mg under the same extrusion condition.
And it also can be seen that texture strengthening is not the main strengthening mechanism
in this work. In addition, the ductility of Mg–Al alloys increases with the increase of Al
content from 1 wt.% to 3 wt.%, which is mainly caused by grain refinement.

VPSC simulation is applied to making a further investigation of the deformation
behavior of Mg–Al alloys. Polycrystal used in this simulation consists of about 8000 grains
with various orientations, and the initial texture is obtained from XRD results. Six deforma-
tion modes are simulated during the process, which include basal <a> slip ({0001}<1120>),
prismatic <a> slip ({1010}<1120>), pyramidal <a> slip ({1011}<1120>), pyramidal <c + a>
slip ({1122}<1123>), {1012}<1011> extension twins and {1011}<1012> contraction twins.
Combining with tensile test of Mg–Al alloys at room temperature, the hardening param-
eters of Mg–Al alloys are obtained by numerical fitting, which are displayed in Table 2.
Experimental and simulated results of strain-stress curves are shown in Figure 8. It is
observed that the calculated results are in good agreement with experimental data.
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Table 2. Parameters for VPSC constitutive model of Mg–xAl (x = 0, 2, 4) alloy.

Specimens Mode τ0/MPa τ1/MPa θ0/MPa θ1/MPa

Mg

Basal 5 30 800 30
Prismatic 150 10 1200 0

Pyramidal <a> 245 10 300 0
Pyramidal <c + a> 185 10 100 0

Extension twin 80 100 2500 0
Contraction twin 275 300 1500 0

Mg–2Al

Basal 18 30 1000 70
Prismatic 180 10 1200 0

Pyramidal <a> 245 65 300 0
Pyramidal <c + a> 205 70 100 0

Extension twin 75 170 2500 0
Contraction twin 275 300 1500 0

Mg–4Al

Basal 22 30 1000 80
Prismatic 200 10 1200 0

Pyramidal <a> 245 65 300 0
Pyramidal <c + a> 225 70 100 0

Extension twin 70 170 2500 0
Contraction twin 275 300 1500 0
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Figure 9 is the relative activity of deformation behavior. According to the curves,
relative activities change with the increase of plastic strain. Figure 9a illustrates that
basal slip is the overriding deformation mode in Mg. In Figure 9b,c, at the beginning of
tensile process, deformation modes of Mg–Al alloys are given priority to with basal slip,
while extension twins are the auxiliary deformation mode. Besides, the relative activity of
extension twins increases from 0 to 0.05, even it fades away soon, and the prismatic slip
starts immediately. When strain comes to 3%, prismatic slip mainly replaces extension
twins. Afterward, prismatic slip shows an increasing tendency which makes basal slip
come down at the same time. At the end of the plastic tensile test, relative activity of
prismatic slip rises to 0.22 and 0.35 in Mg–2Al alloy and Mg–4Al alloy respectively, while
basal slip falls to 0.76 and 0.62. In a word, the simulation results show that basal slip plays a
decisive part in the deformation mechanism in Mg, while the activations of extension twins
and prismatic slip in Mg–Al alloys are promoted at different stages with Al concentration.
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Pyramidal slip and contraction twins are extremely difficult to be activated during the
tensile process. Investigations show that basal <a> slip is the dominating deformation
mechanism and the CRSS of basal slip is about 0.45~0.81 MPa [35,36]. The secondary slip is
prismatic <a> slip, of which CRSS is near 39.2 MPa and the CRSS of pyramidal slip is much
higher comparatively. Thus, basal slip is the easiest deformation mode than other slips
and twins. Reviewed the analysis of tensile test and the relative activities of deformation
modes, the addition of Al can promote the activation of extension twins and reduce the
activity of basal slip at the beginning of the tensile test. In addition, because the CRSS of
extension twins is higher than that of basal slip, more activation of extension twins needs
higher applied stress, then yield strength of the Mg–Al alloys would be improved. It is
worth noting that the increasing prismatic slip replaces some basal slip during the later
tensile deformation. The activation of prismatic slip is promoted to accommodate basal
slip probably.
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4. Conclusions

The microstructure and mechanical properties of Mg and Mg–Al alloys have been
investigated in this paper. The major conclusions are as follows:

1. Microstructure of as-extruded Mg–Al alloys has been refined and the average grain
size is related to the concentration of aluminum within certain limits. Moreover, the
texture of as-extruded Mg–Al alloys is in a similar situation as well.

2. For Mg–xAl (x = 1, 2, 3, 4) alloys, yield strength increases from 142 MPa to 160 MPa,
and ultimate tensile strength rises from 225 MPa to 251 MPa. And the fracture
elongation of Mg–3Al reaches the maximum of 21.3% among four Mg–Al alloys.

3. The results of VPSC simulation match well with the experimental data. The simula-
tion results show that basal slip plays a decisive part in deformation mechanism in
Mg alloys.
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5. Patents

This section is not mandatory but may be added if there are patents resulting from the
work reported in this manuscript.
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