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Abstract: The microstructure and mechanical properties of Mg—4.5A1-2.5Zn—0.3Mn—0.2Ca (wt.%, designated as
AZA42) alloys in extruded (at extrusion ratios of 28, 20 and 11.5) and peak-aged states were investigated, by using
optical microscopy, scanning electron microscopy, energy dispersive spectrometry and electron backscatter diffraction.
The results show that extrusion produces a typical basal fiber texture and streamlines of second phases. All samples
exhibit the lowest Schmid factor of basal slip (SFy) and the superior tensile yield strength (TYS) along extrusion
direction (ED). The sample with extrusion ratio of 20 exhibits the largest average grain size, but the smallest SF, which
compensates for the disadvantage of grain coarsening and maintains the strength. After being peak-aged at 175 °C for
48 h, the sample with the extrusion ratio of 20 shows the optimal TYS along all the directions, compared to the other
samples. This hopes to provide useful information for optimizing the deformation parameters of the AZ42 alloys.
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1 Introduction

Mg alloy, as the lightest engineering structural
metal material, has gradually been increasing
its applications in electronics, transportation,
aerospace, and other fields in recent years [1—4].
Among these, Mg—Al—Zn alloys have been widely
used due to their low cost and good ductility [5—7].
The addition of Al elements can weaken the texture
and improve the workability of Mg alloys [8]. By
regulating the content of Al and Zn elements, the

strength and ductility of Mg alloys can be improved
simultaneously [9]. In this context, the composition
of AZ42 alloy was designed to achieve a higher
strength, as it was reported that increased Al and
Zn atoms in AZ31 alloy induced higher solution
strengthening effect [10]. However, the strength of
Mg—Al-Zn alloys is still much lower than that
of most Mg—RE alloys, Al alloys, and steels,
posing a significant obstacle to their wider
application [7,11,12].

Compared with cast Mg alloys, deformed Mg
alloys exhibit higher mechanical properties and thus
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have been developed significantly [13—16].
Through intense plastic deformation, the grain size
of Mg alloys can be refined to the micron or
submicron level, and the basal texture can be
weakened. Therefore, their mechanical properties
are improved [17-19]. Mg alloys have poor
workability, while extrusion can produce a
three-dimensional compressive stress state, refine
the grain, and improve the workability [20]. The
alloy is subjected to higher pressure during
extrusion deformation, which is conducive to
eliminating defects such as porosity in the ingot,
thereby effectively improving the workability of the
alloy [21,22]. In addition, due to the low cost of
extrusion, it has become a widely used plastic
deformation method [23]. Processing parameters,
notably extrusion temperature and extrusion ratio,
significantly impact the microstructure and
mechanical properties of Mg alloys [24].

For example, when Mg—Nd—Zn—Zr alloys
were hot extruded with varying extrusion ratios of
11, 25 and 44.4, it was observed that an increase in
the extrusion ratio led to improved ductility and
ultimate tensile strength (UTS) [25]. However,
another study on Mg—Al—Zn alloys, specifically the
AZ31 alloys, revealed that the UTS and tensile
yield strength (TYS) increased significantly with an
increase in the extrusion ratio up to 24, but further
increasing the extrusion ratio beyond this point did
not significantly affect the strength [26]. Although
the above studies provide some experimental basis
and rationale for the effect of extrusion ratio on Mg
alloys, the direct study of the effect of extrusion
ratio on the microstructure and mechanical
properties of AZ42 alloys has less been reported.

In this work, the microstructure and
mechanical properties of the AZ42 alloy at
extrusion ratios of 28, 20 and 11.5 were
investigated. Then, the AZ42 alloy was subjected to
aging treatment to further improve the mechanical
properties. By comparing the microstructure and
mechanical properties of the extruded and aged
AZ42 alloy, this work aims to provide useful

information for optimizing the deformation
parameters of the alloys and obtaining high-
performance extruded products.

2 Experimental

The as-received material was an as-
homogenized ingot of AZ42 alloy with actual
composition of Mg—4.5A1-2.5Zn—0.3Mn—0.2Ca
(wt.%). It was extruded at an extrusion temperature
of 350 °C and different extrusion ratios to obtain
three groups of different materials. The specific
extrusion conditions are given in Table 1.

Rectangular blocks with dimensions of
10 mm x 8 mm X 6 mm were initially cut from the
as-homogenized ingot, and rectangular blocks of
the same dimensions were also cut from the
as-extruded sheets of three different extrusion
ratios. They were polished until the surfaces of
the samples were smooth and free of scratches.
Subsequently, the surfaces of the samples were
cleaned with distilled water. Then, the samples were
electrochemically polished in a mixture of 4%
perchloric acid and 96% ethanol between —30 and
—40 °C, with an electrolysis voltage of 15V and
electrolysis time of 60—120s, for the electron
backscattered diffraction (EBSD) test. Prior to
observation under the optical microscope (OM,
JX-18A) and scanning electron microscope (SEM,
Phenom G2, operated at 15kV), which was
equipped with an energy dispersive spectrometer
(EDS), the samples were immersed in the solution
(1 mL acetic acid + 1 mL nitric acid + 1 g oxalic
acid + 100 mL water) for 10 s.

Tensile samples, with a gauge length of 24 mm
and a cross-sectional area of 6 mm X 3 mm, were
cut from the sheets along the extrusion direction
(ED), the 45° direction and the transverse direction
(TD) using wire-cutting. These samples were
subjected to tensile testing on a CMT—5105GL type
tensile machine at a loading rate of 1 mm/min.

The aging treatment was carried out at 175 °C,
followed by air cooling. Subsequently, the samples

Table 1 Detailed parameters of different AZ42 extrusion sheets

Sample No, Extmsion .Final ' Final E)ftrusion tube Extrusion
ratio width/mm thickness/mm diameter/mm temperature/°C
1 28:1 70 25 250 350
2 20:1 220 11 250 350
3 11.5:1 70 25 160 350
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were finely ground using metallographic sandpaper
and the microhardness was measured using
HVST-1000Z semi-automatic Vickers hardness
tester. At each time node, seven points were tested
on the ED-ND plane, and the trimmed mean was
calculated to record and analyze the effect of
different extrusion ratios on the age-hardening
behavior of the alloy.

3 Results and discussion

3.1 Microstructure of as-homogenized and as-

extruded alloys

Figure 1 shows the sampling schematic
diagram, SEM image of the as-homogenized
alloy, and three-dimensional OM images of the
as-extruded sheets. Compared to the as-cast alloy
with a similar composition [27,28], numerous
second phases are dissolved in the Mg matrix, as
shown in Fig. 1(b), providing favorable conditions
for subsequent extrusion. The initial grains in the
as-homogenized alloy (Fig. 1(b)) are much larger
than those observed on all sides in Figs. 1(c, d, e),
indicating that the extrusion process significantly

1111

contributes to grain refinement. According to the
literature [29], the black rod and dot in the
Figs. 1(c, d, e) are identified as -Mgi7Al > phases.
However, the EDS results in Fig. 1(b) show that
insoluble Al-Mn phases are predominantly located
within the grain interiors, whereas the second
phases present at the grain boundaries are primarily
Mgi7Al; and AlCa. The extrusion process causes
the second phases to be streamlined along the ED.
The streamlines on V-faces of Figs. 1(c, d, e) can
be clearly detected, whereas the U-faces exhibit
fewer streamlines. Among Figs. 1(c, d, e), Fig. 1(c)
possesses the highest extrusion ratio, leading to a
more complete recrystallization, which in turn
results in a significantly finer grain size compared
to that in Figs. 1(d, e). Regarding Fig. 1(e), despite
having the lowest extrusion ratio, the grain size
is still finer than that in Fig. 1(d). It is known
from Table 1 that the diameter of the extrusion
cylinder of Sample 3 is only 160 mm. The smaller
extrusion cylinder could change the deformation
temperature rise and heat dissipation [30,31], which
should affect the dynamic recrystallization (DRX)
behavior. Finally, the apparently counterintuitive

TD

Element content/at.%
Mg Al Zn Mn Ca
11.1 442 0.7 440 0
893 7.1 3.5 0 0.1
414 420 1.8 0 14.8
19.7 466 03 334 0

(e) Sample 3

Fig. 1 Sampling schematic diagram (a), SEM image and EDS results of AZ42 as-homogenized sheet (b), and three-

dimensional OM images of as-extruded sheets (c—e)
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phenomenon that a smaller extrusion ratio can
result in a finer average grain size can be
rationalized. Furthermore, as the extrusion ratio
increases, the second phases become finer and more
diffusely distributed. These second phase particles,
in turn, facilitate recrystallization through the
particle-stimulated nucleation (PSN) mechanism.
During the extrusion process, the strain accumulates
near the second phase, providing a substantial
driving force for the nucleation of DRXed grain and
thereby activating PSN mechanism. DRXed grains
preferentially nucleate around the second phase.
Mgi7Ali;, AI-Mn and ALCa phases formed by
adding Al, Mn and Ca elements can promote the
nucleation of DRXed grain and increase the volume
fraction of fine grains. Higher extrusion ratio,
therefore, provides more PSN sites, resulting in a
more homogeneous microstructure [30,32].

Figure 2 shows the inverse pole figures (IPF)
coloring maps of the sheets with different extrusion
ratios, exhibiting average grain size of 9.6, 26.3 and
16.5 um, respectively. The dot-like and rod-like
black areas in the Fig. 2 should represent the second
phases, since the EBSD software does not include
information about these phases, rendering them
unrecognizable and thus marked as black. Their
distribution is also consistent with the OM results
observed on the V-faces (see Fig. 1).

There are red distributions in
Figs. 2(a, ¢), indicating that the basal planes of
more grains are perpendicular to the observed line
of sight (i.e., TD). However, Fig. 2(b) has more
green distribution, with the (1 120) axis parallel to
the direction of view (i.e., the basal plane is parallel
to the direction of view).

To further figure out the grain orientation
information, the pole figures are shown in Fig. 3.
The (0001) pole figures are chosen as the primary
analysis object to describe the texture. It can be
observed that the intensity of the pole at the center

more

of the (0001) pole figures in Figs. 3(a, c) is higher
compared to that in Fig. 3(b), indicating that the
basal planes of many grains are parallel to the V-
faces (see Fig. 1) of the as-extruded sheet, which
corresponds to the predominance of red in
Figs. 2(a, c) in the IPF map. The intensity at top and
bottom ends of Fig. 3(b) is higher, indicating that
the basal planes of most grains are parallel to the U-
face (see Fig. 1), which corresponds to the blue-
green color in Fig. 2(b) of the IPF map. Despite
variations in pole distribution and intensity
among the pole figure, they still represent typical
characteristics of a basal fiber texture.

The recrystallization distribution maps of the
sheets with different extrusion ratios are shown in
Fig. 4. Red and blue represent the deformed
and recrystallized grains respectively, and yellow
represents the sub-grains between them. The
detected DRX fractions in Figs.4(a,b,c) are
68.3%, 63.2% and 92.5%, respectively. It has been
demonstrated that DRXed grains tend to weaken,
whereas deformed grains strengthen the texture [33].
In current work, the texture intensities shown in
Figs. 3(a, b, ¢) are 8.4, 27.8 and 8.1, respectively,
suggesting that the highest texture intensity of
Sample 2 corresponds to its lowest DRX fraction of
63.2%, in agreement with the previously mentioned
trend.

In general, the DRX fraction should increase
with an increase in the extrusion ratio [33], but the
value depicted in Fig. 4(a) is only 68.3%. As the
extrusion ratio increases, the accumulative strain
should increase. During the initial stage of metal
flow in the sheet extruded at the largest extrusion
ratio of 28, DRX should occur once the deformation
strain reaches a critical threshold. DRXed grains
should appear and occupy some regions of initial
coarse grains in the as-homogenized alloy. However,
at the later stage, subsequent deformation strain not
only induces new DRXed grains but also introduces
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Fig. 3 Pole figures of as-extruded sheets: (a) Sample 1; (b) Sample 2; (c) Sample 3

Fig. 4 Recrystalhzatlon d1str1but10n maps of as- extruded sheets: (a) Sample 1; (b) Sample 2; (c) Sample 3

more dislocations or misorientation into the initial
DRXed regions (see Fig.5), causing them to be
recognized as deformed ones by the EBSD software
based on the GOS (grain orientation spread)
criterion  [34,35]. Consequently, the actual
recrystallized regions in Sample 1 may be under-
estimated, which explains the weaker texture
intensity observed in Fig. 3.

Sample 3 with the lowest extrusion ratio
exhibits the highest DRX fraction of 92.5% and the
lowest texture intensity. This should be attributed to
the change of the extrusion cylinder, which could

influence the deformation temperature rise or heat
dissipation, and therefore promotes the DRX
behavior [30,31].

The kernel average misorientation (KAM)
maps are shown in Fig. 5. Indeed, Sample 1 has a
larger average KAM value (i.e., higher dislocation
density [36]) compared to Samples 2 and 3,
suggesting that the dislocation density gradually
increases with increasing extrusion ratio.

Figure 6 shows the distribution of Schmid
factor of basal slip (SFp) in different directions of
as-extruded sheets. In general, the higher SF;, leads



1114 Song-ke XIAO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1109-1121

0.16 0.25 0.30
(a) (b) 025 ©)

£ 012} g 020 g
3 KAM,,,.~0.80° 8 KAM,,.=0.57° £ 020} KAM,,=0.45°
8 8 0.15 ]
= ha T 015}
(o] (] (0]
E £ 010 E0.10}
z z z

0.05 0.05 1

01 2 3 4 s U 3 4 5 01 2 3 4 5

Kernel average misorientation/(°)

Kernel average misorientation/(°)

Kernel average misorientation/(°)

Fig. 5 KAM maps of as-extruded sheets: (a) Sample 1; (b) Sample 2; (¢) Sample 3
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Fig. 6 Distribution of SF;, along ED (a, d, g), 45° direction (b, e, h), and TD (c, f, i) of as-extruded sheets: (a—c) Sample

1; (d—f) Sample 2; (g—i) Sample 3

to the easier basal slip with no need for a stronger
loading force, i.e., lower strength. When samples
in the same group are tensile tested in different
directions, the SF; is quite different. ED exhibits the
lowest average SFy (0.17, 0.12, 0.20, respectively),
which is much lower than that in the 45° direction
(0.30, 0.20, 0.38, respectively) and TD (0.28, 0.16,
0.32, respectively). It can be inferred that the basal

slip is difficult to occur when tensile samples are
tested along ED, which may lead to superior
strength, followed by TD and the weakest in the 45°
direction. The prediction rule is consistent with the
actual measurement results (Figs.7 and 8),
indicating that the texture (or SFy) plays a dominant
role in affecting the strength of the sheets in all
directions.
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Interestingly, the SF;, along each direction of
Sample 2 is the lowest (<0.20). According to the
schematic representation of the grain orientation in
the lower left corner of Fig. 2(b), the basal planes of
the majority of grains are parallel to all the loading
directions, which constructs the adverse condition
for basal slip. Moreover, for all the as-extruded
sheets, the SF, along the 45° direction is higher
than that along the other directions, since the basal
planes of some grains are perpendicular to TD, as
indicated by the poles at the center of the (0001)
pole figures in Fig. 3. These grains own soft
orientation for tensile loading along the 45°
direction and contribute to enhancing the SF, along
the 45° direction.

3.2 Mechanical properties of as-extruded alloys
Figure 7 exhibits a columnar comparison of
TYS, UTS and elongation (EL) of the as-extruded
sheets in each tensile direction, and Fig. 8 shows
the typical engineering stress—engineering strain
curves. When the tensile direction is fixed, the TYS
and UTS of Samples 1 and 2 are basically the same,
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while the EL decreases with the decrease of
extrusion ratio. When the fixed sheet is tensile
tested along different directions, the TYS, UTS and
EL are anisotropic. The ED exhibits the highest
TYS and UTS, since the lowest SF;, requires greater
external loading for the operation of basal slip. The
more pronounced second phase streamlines (V- and
U-faces in Fig. 1) should additionally contribute to
enhancing the strength [37]. The SF, values along
the 45° direction and TD for each sample are larger
than those along ED (as shown in Fig. 6), which
results in the lower TYS but better EL. From the
comparison of Figs. 6(b, e, h) and Figs. 6(c, f, 1), it
can be seen that the SFy values of TD of all the
three sheets are lower than those of the 45°
direction, which is consistent with the results in
Fig. 7, where TYS and UTS of TD of the three
sheets are higher than those along the 45° direction.
It is rationalized that the EL of Sample 2 is
lower than that of the other samples in all directions
due to its lower SFy. Moreover, as shown in Fig. 1,
the second phases of Sample 2 are coarser, which
may promote the initiation of cracks and therefore

400 50
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& 250 283 28.4 / g / 30 %
% 206 209 ; ; 2
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Fig. 7 Comparison of mechanical properties along different tensile directions of as-extruded sheets: (a) Sample 1;
(b) Sample 2; (c) Sample 3
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Fig. 8 Engineering stress—engineering strain curves along different tensile directions of as-extruded sheets: (a) Sample 1;
(b) Sample 2; (c) Sample 3
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reduce the EL [5,38]. Although Sample 2 has the
largest grain size, its smaller SF; in all directions
(as shown in Fig. 6) can make up for the
disadvantage of coarser grains and maintain the
strength. Consequently, Sample 2 exhibits the lower
ductility and higher strength.

By comparing Samples 1 and 3, the EL of
Sample 3 should normally be higher than that of
Sample 1, due to the weaker work-hardening effect
(as can be seen in Fig. 5, Sample 1 has higher KAM
value, which could reduce the EL while enhancing
the strength). However, the fact is not the case. This
is because Sample 1 owns the finer grain size (see
Fig. 1). Then, the tensile strain could be dispersed
into more grains to make the deformation more
uniform, which also improves the ductility.

3.3 Aging-hardening response of as-extruded

alloys

The age-hardening curves of as-extruded
sheets are shown in Fig. 9. The hardness value
increases slowly with the aging time at the holding
temperature of 175°C. All samples reach the
peak-aged state between 40 and 50 h. As the aging
time continues to extend, the hardness value rapidly
decreases first and then tends to be stable.

The peak-aged hardness values of Samples 1,
2, and 3 are HV 74.2, HV 73.7, and HV 70.4,
representing increases of 17.8%, 14.9%, and 15.2%
compared to their initial hardness values of
HV 63.0, HV 64.1, and HV 61.1, respectively. With
the decrease of extrusion ratio, the peak-aged
hardness value decreases. The time required for
peak-aging is basically the same (46, 48, and 44 h,
respectively), indicating that the extrusion ratio
hardly affects the time to reach peak but has an
effect on the peak-aged hardness. Moreover, it can

Song-ke XIAO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1109-1121

be seen that the initial hardness of the as-extruded
sheet of Sample 3 is smaller than that of Samples 1
and 2, which is consistent with the result of the
TYS of each sample shown in Fig. 7.

The SEM images of AZ42 alloys with different
extrusion ratios treated at 175 °C for different time
of aging are shown in Fig. 10. It can be seen from
Figs. 10(a—c) that compared with the as-extruded
state, there are more strip and spherical second
phases precipitation in the under-aged samples.

Figures 10(d—f) show the SEM images of the
peak-aged samples. The Mgi7Ali; phases continue
to precipitate and remain mostly at the a-Mg
grain boundaries, which may be beneficial to the
improvement of the strength of the alloy.

Figures 10(g—i1) exhibit SEM images of the
over-aged (at 175 °C for 80 h) samples. Compared
with the peak-aged state, the number of second
phases becomes less. Some Mgi7Ali; phases prefer
to be discontinuously precipitated in the grain
interior instead of at the grain boundaries, which
not only weakens the precipitation strengthening
effect, but also leads to a serious decline in the
ductility of the material [39].

Figure 11 shows a columnar comparison of
TYS, UTS and EL of the peak-aged AZ42 alloy
sheets, and Fig. 12 shows the engineering stress—
engineering strain curves of peak-aged AZ42 alloy
sheets along different tensile directions.

Compared with Figs. 7 and 8, it can be seen
that after peak-aging treatment, the TYS and UTS
of all sheets tend to be enhanced, which is
conjecture that
continued precipitation of the Mg;Al;; phases at
grain boundaries may improve the strength.
Furthermore, the TYS along the 45° direction and
TD is obviously improved. It is noteworthy that the

consistent with the previous
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Fig. 9 Age-hardening curves of as-extruded sheets: (a) Sample 1; (b) Sample 2; (c) Sample 3
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TYS along ED of Sample 3 (182 MPa) is slightly
smaller than that of Samples 1 and 2 (206 and
209 MPa) before aging. However, after peak-
aging, the TYS along ED of Sample 3 (187 MPa)
increases to a much lower level than that of
Samples 1 and 2 (226 and 236 MPa). This indicates
that a smaller extrusion ratio is not conducive to the
aging hardening of the alloy. As shown in Fig. 5,

the accumulated dislocation density decreases
with the reduction of deformation strain. Since
dislocations can promote the diffusion and
precipitation of atoms during aging [40], Sample 3
contains fewer aging precipitates and therefore
exhibits lower strength compared to the other sheets.
After peak-aging treatment, Sample 2 shows the
optimal TYS along all the directions (236 MPa
along ED, 186 MPa along 45° direction, and 164
MPa along TD).

4 Conclusions

(1) Three main second phases (Mgi7Al,
Al,Ca, and Al-Mn) are present in the as-
homogenized AZ42 alloy. Extrusion at 350 °C
induces the typical basal fiber texture and
streamlines of second phases. Sample 1 exhibits the
finest grain size of 9.6 um.

(2) All sheets exhibit the lowest SF, along
ED, which results in the superior TYS along this
direction with the assistance of second phase
streamlines. Sample 2 exhibits the largest grains
and the smallest SFy,. This small SF, compensates
for the disadvantage of grain coarsening and
maintains the strength.

(3) As the extrusion ratio increases, the alloy
shows better work-hardening effect, finer grains,
and improved strength and ductility. The sheet with
the extrusion ratio of 28 results in the TYS of
206 MPa and EL of 22.3% along ED, TYS of
139 MPa and EL of 28.3% along the 45° direction,
and TYS of 149 MPa and EL of 28.4% along TD,
respectively.

(4) The AZA2 sheets show a gradual increase
in the quantity of second phases as aging treatment
progresses. Additionally, at over-aging state,
discontinuous precipitates tend to appear within the
interior of a-Mg grains. The sheet of peak-aged
(175 °C, 48 h) Sample 2 exhibits the optimal TYS
along all the directions (236 MPa along ED,
186 MPa along 45° direction, and 164 MPa along
TD) compared to the other sheets.
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