Available online at www.sciencedirect.com

ScienceDirect

Trans. Nonferrous Met. Soc. China 34(2024) 21202137

Transactions of
Nonferrous Metals
Society of China

Science
Press

ELSEVIER

www.tnmsc.cn

Tailoring good combinations between strength and ductility in
novel Mg—5Sn—2Al—-1Zn alloy via different hot extrusion processes

Feng-jian SHI, Nan-ying PIAO, Ji-heng WANG, Hao-tian TAN,
Yu-hang GUO, Fei YANG, Shu-jin CHEN, Sheng LU, Ze-xin WANG

School of Materials Science and Engineering, Jiangsu University of Science and Technology, Zhenjiang 212003, China

Received 7 June 2023; accepted 15 December 2023

Abstract: A novel Mg—5Sn—2Al-1Zn (TAZ521) alloy was prepared. Direct extrusion (DE) and extrusion—shearing
(ES) processes were performed on the alloy to improve its strength and ductility. The microstructure evolution, texture
evolution, and strengthening mechanisms of as-homogenized and as-extruded alloy were investigated by XRD, SEM,
TEM, EBSD, and tensile tests. The results showed that the mechanical properties of the DE-processed alloy were
improved. However, the alloy exhibited a bimodal microstructure consisting of coarse grains and fine DRXed grains.
After the ES process, the microstructure became more uniform and a good combination of strength and ductility was
achieved. The TYS, UTS, and EL were 212 MPa, 303 MPa, and 21.7%, respectively. Grain refinement and pinning
effect by MgxSn precipitates play an important role in the enhancement of strength. Additionally, the improvement of

ductility is attributed to the weak basal fiber texture and the activation of non-basal slip.
Key words: Mg—Sn—Al—Zn alloys; extrusion—shearing; grain refinement; mechanical properties; texture evolution

1 Introduction

Magnesium (Mg) alloys have great potential in
automotive, aerospace, and communication fields
owing to their advantages of low density, high
specific stiffness, and extraordinary environmental
protection performance [1-3]. However, the
applications of Mg alloys are extremely restricted
due to their high yield anisotropy and low
ductility [4]. Therefore, it is essential to develop
magnesium alloys with enhanced mechanical
properties for industrial applications.

Commercial Mg alloys, such as AZ31 and
ZK60, have been widely used nowadays. Although
the Mg—Zn alloy system shows potential for
improving the mechanical properties through age
hardening, the best properties will not be achieved
if grain growth is minimized after solution

treatment [5]. As for the Mg—Al alloy system,
aluminum is well-known for its great solid-solution
strengthening ability, but the Mg—Al alloys still
have unacceptable strength for large-scale
applications [5]. Mg—Sn based alloy, a kind of
casting alloy with low cost, and superior
extrudability, has attracted increasing attention
these years as the MgSn phase shows a
compromising improvement on the mechanical
properties of Mg alloys [6]. Besides, the Mg,Sn
phase with Fm3m structure (a=0.676 nm) shows
high-temperature stability, which leads to the great
potential of the Mg—Sn based alloy with higher
temperature creep resistance [7]. LUO et al [8]
reported that Mg—3Sn—5Zn—Al alloys showed great
mechanical properties with values of the ultimate
tensile strength (UTS) and elongation (EL) of
340 MPa and 20.1%, respectively. The activity
of non-basal slip, finer microstructure, and texture
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with a relatively lower density were the main
factors for the great mechanical properties of
Mg—Sn based alloys. ZHANG et al [9] investigated
the effect of extrusion ratio on the properties of
TZX621 alloys. They found that the extruded
TZX621 alloys exhibited a finer microstructure
when the extrusion ratio increased from 6 to 16, and
the YS and UTS were improved by 36.0% and
17.7%, respectively. However, the elongation only
exhibited a slight increase from 15.6% to 18.1%.
The reduction of unDRXed grains and average
grain size were believed to be the reasons for the
improvement in mechanical properties. According
to related literature, Mg>Sn precipitates with high
melting points could be formed in the Mg matrix,
which will contribute to precipitate strengthening.
On the other hand, Sn is effective in decreasing the
stacking fault energy of Mg alloys, blocking the
interact slips of dislocations, and promoting the
activation of non-basal slip systems when the
content of Sn elements reaches a critical point [10].
However, most previous work is focused on the
strengthening effect of Mg,Sn precipitate, while the
plasticity seems to be neglected during deformation.

As one of the most promising severe
plastic deformation (SPD) methods, equal channel
angular pressing (ECAP) has been widely used to
improve the mechanical properties of Mg alloys
by grain refinement. According to the Hall-Petch
relationship, grain refinement can contribute to
the increase in strength [11]. Additionally, grain
refinement can contribute to the decrease of the
critical resolved shear stress (CRSS) of non-basal
slips, so the activation of basal slips is weakened
and the ductility is improved [12]. Combining the
conventional direct extrusion (DE) and the shearing
process of ECAP deformation, the extrusion—
shearing (ES) process has been suggested to further
optimize the strength of Mg alloys without
sacrificing ductility. In order to improve the
mechanical properties, the extrusion—shearing
process was applied to a novel Mg—5Sn—2Al-1Zn
(TAZ521) alloy in this work. Afterward, the
microstructure characteristics, texture evolution,
and mechanical properties were systematically
discussed in detail. The proposed deformation in
this work provides new insights for improving the
strength of Mg—Sn based alloys without sacrificing
ductility and manufacturing methods more
efficiently.

2 Experimental

2.1 Sample preparation

The commercially pure Mg, Sn, Al, and Zn
blocks (with a purity of 99.99 wt.%) were used in
this study to prepare Mg—5Sn—2Al-1Zn (TAZ521)
alloys. The materials were melted in an electrical
resistance furnace under the protective atmosphere
of SFs and CO, mixed gas with a mixing volume
ratio of 1: 99. The molten alloy was kept at 750 °C
for 20 min and then poured into a previously
preheated stainless steel mold (¢80 mm x 220 mm)
with a preheating temperature of 300 °C. The
homogenization treatment was then carried out at
425 °C for 24 h followed by air cooling to eliminate
defects and element segregation in as-cast alloys.
The as-homogenized TAZ521 ingot was machined
into cylinders with a size of d20 mm x 40 mm for
extrusion. These rods were preheated at 250 °C for
15 min before hot extrusion. Hot extrusion with an
extrusion rate of 2 mm/s was carried out at 250 °C
and the extrusion ratio is 4:1. The extruded rods
were quenched in water immediately after extrusion.
The detailed illustrations of different processes are
shown in Fig. 1.

2.2 Microstructure characterization

Figure 1(d) shows the observation position of
the specimen. All the samples were ground with
SiC sandpaper from 600 grit to 2000 grit and then
were etched with the mixed solution (2 g picric acid,
4 mL acetic acid, 4 mL H»O, and 32 mL ethanol)
for 10s. Phase constitution and macrotexture
of the alloys were identified by using an X-ray
diffractometer (XRD, D8 advance) with CuK,
radiation. The diffraction angles ranged from 20°
to 90° and the scanning speed was 1 (°)/min. The
collected data were analyzed by Jade 6.5 software.
Macrotexture analyses were performed on the
basal plane (0001), prismatic plane (1010), and
pyramidal plane (1011). The measurements were
conducted on the planes parallel to the extrusion
direction (ED). The microstructural characterization,
morphologies, and element compositions of the
TAZ521 alloys were analyzed using an optical
microscope (OM, VHX—-900), scanning electron
microscopy (SEM, ZEISS Merlin Compact SEM)
equipped with an energy dispersive spectrometer
(EDS), transmission electron microscopy (TEM,
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Fig. 1 Schematic illustrations of homogenization (a), direct extrusion (b), and extrusion—shearing (c) processes, and

schematic diagrams of observation position of sample (d) and tensile specimen (unit: mm) (e)

JEOL-2100F) and electron backscatter diffraction
(EBSD). The samples for the EBSD test were
ground with 3000 grit sandpapers and then polished
in the ACII solution for about 100 s at —20 °C
with a working voltage of 20 V. The scanning step
lengths for the as-homogenized, DE-processed,
and ES-processed samples are 3, 0.4, and 0.4 pm,
respectively. The EBSD data were analyzed by
the HKL Channel 5 software. The samples were
mechanically ground to about 40 um and punched
into small discs with a diameter of 3 mm for TEM
testing. These discs were then ion-thinned via Gatan
691 with both high and low gun angles of 4° and a
voltage of 3.5 keV.

2.3 Mechanical testing

As shown in Fig. 1(e), the dog-bone-shaped
specimens with a gage length of d5 mm % 25 mm
were used for tensile testing with a SANS universal
testing machine at a constant strain rate of
1.0x1073s7!. The tensile test was conducted at room
temperature and the loading axis corresponded to
the extrusion direction.

3 Results

3.1 Microstructures
Figure 2 exhibits the optical micrographs of

the TAZS521 alloys. The microstructures consist
of o-Mg matrix and precipitates located at the
grain boundaries and inside the grains. The as-
homogenized sample shows equiaxed grains, with
size of 50—-90 pm. The sample processed by DE
presents a significant microstructure with elongated
grains surrounded by small equiaxed grains (white
circles in Figs. 2(c, d)). After the ES process, the
sample becomes more homogencous and the
distribution of the precipitates becomes finer and
more dispersive. Compared to the DE process, the
grain size is further refined through the ES process.

To further analyze the composition of the
precipitates of the TAZ521 alloy, XRD and
SEM-EDS analyses were performed. The XRD
patterns (Fig. 3) reveal that the main compositions
of the TAZ521 alloy are a-Mg matrix and Mg,Sn.
Besides, the equilibrium phase diagram confirmed
that the composition of the microstructure is a
two-phase structure (a-Mg + Mg,Sn) according to
previous studies [13,14]. The peak intensity of the
basal texture (002) shows an obvious increase after
DE, indicating the formation of (002) fiber texture.
The intensity of (100) increases, while the intensity
of (002) has a slight decrease during ES, which may
lead to the weakening of the basal texture.

Figures 4(a—c) show the SEM micrographs
of the TAZ521 alloys performed with different
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Fig. 3 XRD patterns of TAZ521 alloys

processes.  Several irregular and spherical
precipitates (marked by yellow arrows) can be
observed in Fig. 4(c). According to the EDS results
(Table 1), the atomic ratio of Mg and Sn is about
2:1; therefore, the spherical undissolved precipitates
can be identified as Mg,Sn phases, which is
consistent with the XRD results. Since the Mg,Sn
phase has a high melting point of 1043 K [15], it
is reasonable for a few Mg>Sn phases to remain in
the alloy after hot treatment, therefore leading
to differences in the microstructures and tensile
properties. These precipitates are broken into
micro-sized particles after extrusion. These fine
particles can provide nucleation sites for dynamic



2124 Feng-jian SHI, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2120-2137

|

VA o
: ;

Fig. 4 SEM images of as-homogenized (a), DE-processed (b), and ES-processed (c) alloys and corresponding EDS

20 um

e

mappings (d—g) of ES-processed sample (f,—Volume fraction of precipitates)

Table 1 Corresponding EDS results of TAZ521 alloys in
Fig. 4

Element content/at.%

Point Phase
Mg Sn Al Zn

A 69.89 2848 121 042  MgSn

B 72.31 2681 0.65 0.23 MgSn

C 97.52 1.34 0.89 0.25 a-Mg

D 85.53 13.53 075 0.19 MgSn

E 88.63 11.17  0.12 0.08 MgSn

recrystallized (DRXed) grains through particles-
stimulated nucleation (PSN) mechanism [16]. It
can be learned from the EDS mappings of the
ES-processed sample that most elements are
dissolved into the matrix. The fractions of these
precipitates are measured to be about 5.86%,
0.52%, and 0.59%, respectively. The low fraction of
precipitates in the ES-processed sample may not
make much contribution to strengthening.

Figure 5 shows the TEM morphology of the
TAZ521 alloys. It can be observed from Fig. 5(a)
that some precipitates are located at the grain
boundary and the average size of the large bulk
precipitate is about 1 um. After the DE and ES
processes, nano-scale particles are precipitated
along the grain boundaries, which can inhibit grain

growth and thus contribute to the hardening effects.
Besides, the grains contain numerous residual
dislocations to form dislocation entanglement, as
depicted in Figs. 5(b, ¢). The thermal stress and
deformation energy can be generated during
extrusion. Therefore, there is an increase in the
dislocation density, which can activate either basal
slip or non-basal slip. The nano-scale precipitates
can hinder the dislocation movement and the grains
are separated into small regions and sub-grains are
eventually formed, thereby contributing to the
improvement of the strength [17]. The bright field
TEM image viewed under [1120],m, zone axis is
shown in Fig. 5(d) and the a-Mg matrix can be
indexed by the corresponding selected area
electron diffraction (SAED) pattern. According to
the SAED pattern shown in Fig. 5(e), the nanoscale
precipitates can be identified as face-centered cubic
(FCC) Mg>Sn phases. The HRTEM results illustrate
the orientation relationship between a-Mg matrix
and Mg,Sn precipitate: [1120]ume//[ 122]mg,sn.

3.2 Macro-texture evolutions

Figure 6 shows the macro-texture of TAZ521
alloys with different processes. As can be seen, the
pole density points of (0001) are distributed mainly
along the edge of the polar diagram and the texture
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Fig. 5 TEM morphology showing second phase of as-homogenized TAZ521 alloy (a); Two-beam bright-field TEM

images of dislocation tangling with high density in grains of DE-processed sample (b) and ES-processed sample (c);

Bright field TEM image and corresponding SAED pattern (inset) of DE-processed sample under [1120],.mg zone
axis (d); TEM image of precipitate in ES-processed TAZ521 alloy and corresponding SAED pattern (inset) (¢); HRTEM

micrograph of Sn-rich precipitate (f)

density of the (0001) plane increases slightly from
4.55 to 5.07, inferring that the TAZ521 alloys show
a predominant basal texture (0001)//ED, which is
consistent with the XRD results. The intensity
area of (1010) pole figures are mostly distributed
at the edge of ED, which means that the alloy
shows a preferred orientation with (1010)/TD.
The maximum intensity of (1010) pole figures
increases from 2.51 to 3.51, which indicates that
most grains exhibit a strong basal texture after the
DE process. During the ES process, the pole density
area is still distributed at the edge and a slight
decrease in intensity can be found in the (1010)
pole figure. This could be attributed to the shear
deformation of the ES process. Furthermore, the
distribution of pole density points of both (1011)

and (1010) pole figures gradually become
scattered, which is mainly caused by the rotation
of grains.

3.3 EBSD results

Figure 7 shows the grain orientation maps,
grain boundary maps, and distributions of grain size
of the TAZ521 alloy with different processes.
Different colors in the grain orientation maps
represent different grain orientations. As can be
seen from Fig. 7(a), the as-homogenized sample
exhibits random grain orientations and the average
grain size is about 49.7 um. After the DE process,
some grains tend to present red and purple colors,
which indicates that the (0001) planes of the grains
are parallel to ED. Besides, It can also be seen from
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Fig. 6 Macro-texture evolution of TAZ521 alloys after different processes: (a) Homogenization; (b) DE; (c) ES (TD is

the transverse direction)

the grain orientation map that some unbroken grains
are surrounded by a large number of fine equiaxed
grains. The grain size of the DE-processed sample
decreases significantly, with an average grain size
of about 4.8 um. Different from the DE-processed
sample, the majority of the grains show blue and
green colors after the ES process, indicating that the
(1010) and (1210) planes of the grains are parallel
to ED. Therefore, it can be deduced that the grain
orientations are changed through the ES process.
The grains are greatly refined and the sample
exhibits a more uniform microstructure. The
average grain size decreases slightly due to the

increasing accumulative strain from the DE to ES
process, with an average grain size of about 2.8 pm.

To further understand the evolution of the
microstructure, the grain boundary maps are also
presented, where the blue lines represent the low-
angle grain boundaries (LAGBs, 2°<6<15°) and the
red lines represent the high-angle grain boundaries
(HAGBs, 6>15°). As shown in Figs. 7(b, e, h), the
fraction of LAGBEs is estimated to be 18.9%, 7.2%,
and 7.6% for the as-homogenized, DE, and ES-
processed samples, respectively. It can be observed
that a large number of LAGBs are concentrated
in the grains and then divide the non-dynamically
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Fig. 7 EBSD results of TAZ521 alloys after homogenization

(a—c), DE (d—f) and ES processes (g—i): (a, d, g) Grain

orientation maps; (b, e, h) Corresponding grain boundary maps; (c, f, i) Distribution histograms of grain size

recrystallized grains into small sub-grains. After
the DE process, the new DRXed grains gradually
grow by absorbing high-density dislocations,
transforming LAGBs into HAGBs. As accumulative
strain increases during the ES process, the
dislocation migration ability increases, resulting in
the transformation of LAGBs into HAGBs by the
driving force of grain boundary energy. Therefore,
the volume fraction of HAGBs is similar in the
DE-processed and the ES-processed samples, which
is consistent with the results of references [15,18].
The kernel average misorientation (KAM)
maps and distributions of the corresponding KAM
value of the TAZ521 alloys are shown in Fig. 8.
Higher KAM value indicates a higher dislocation
density and higher plastic deformation degree. As
shown in Fig. 8(a), the dislocations are concentrated
around the grain boundaries at first. As the
accumulative strain reaches a certain extent, the
nucleation of dynamic recrystallization is promoted
and the newly generated grains gradually grow
by consuming the accumulated internal strain
energy [19]. Therefore, the geometrically necessary

dislocation (GND) density is brought out to
calculate the residual dislocation density. The GND
density has a linear relation with the average KAM
value and can be calculated by [20]

panp=20/(ub) (D

where ponp 1s the GND density; 6 represents the
average KAM value; u is the step size (3 and
0.4 um); b is the magnitude of Burgers vector
(0.32 nm). Any local misorientation angles less
than 5° are counted to calculate the average KAM
value. The calculated GND densities of the as-
homogenized, DE, and ES-processed alloys
are about 0.33x10'3, 0.41x10" and 0.46x10"m2,
respectively. The ES-processed sample shows a
higher dislocation density, which means that more
stress is needed to migrate the dislocations to their
neighbor grains, leading to an enhancement in the
strength.

3.4 Mechanical properties
Figure 9(a) displays the tensile stress—strain
curves at room temperature of the as-homogenized,
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DE and ES-processed samples. Detailed statistics
about the tensile yield strength (TYS), ultimate
yield strength (UYS), and elongation (EL) are
summarized in Table 2. The TYS, UYS, and EL of
the as-homogenized sample at room temperature are
84 MPa, 142 MPa, and 6.1%, respectively. After
the DE process, TYS and UYS of TAZ521 alloy

reach 165 MPa and 264 MPa, respectively, which
are increased by 96.4% and 85.9% compared to
those of the as-homogenized sample. Besides, the
elongation is 15.9% and increased by 160.7%. The
TYS and UYS of the ES-processed sample reach
212 MPa and 303 MPa, respectively. At the same
time, the elongation increases to 21.7%, by 255.7%
compared to that of the as-homogenized sample,
indicating that the ES process is an effective
method to enhance the strength and ductility of
TAZ521 alloys.
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Table 2 Tensile mechanical properties of TAZ521 alloy
after different processes

Process TYS/MPa UYS/MPa  EL/%
Homogenization 84+2.7 142+8.8  6.1£1.3
DE 165£5.0  264+6.7 15.9+1.3
ES 21245.0 303£2.6  21.74£2.0
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The SEM morphologies of the tensile fracture
at room temperature are shown in Fig. 10. The
fracture characteristics of the as-homogenized
sample are cleavage planes (black arrows), which
are the typical features of brittle fracture [21]. As
shown in Figs. 10(b, ¢), the morphologies of the
DE-processed sample contain dimples (red arrows)
and some large-sized precipitates (white arrows)
located at the bottom of the dimples. Few smooth
facets (yellow arrows) can be observed, showing
brittle fracture features. The fracture morphologies
indicate poor mechanical properties, which are
consistent with the tensile results. The fracture
morphologies of the ES-processed alloys exhibit
fine and uniform dimples and tear ridges (blue
arrows), which are considered ductile fractures. It is
suggested that extra energy is absorbed during the
formation of these fine dimples, therefore leading to
the improvement of ductility. Moreover, it can be

3 e \
A =~
4 ~ P T
- N

— s Smooth facets

observed that precipitates are broken into smaller
blocks compared to those in the DE-processed
sample. These dispersedly distributed particles
make a great contribution to the enhancement of
strength.

4 Discussion

4.1 Microstructure evolutions

Figure 11 shows the CDRX behavior and the
corresponding effects on the grain orientation
evolution in R1 and R3 selected in Figs. 7(d, g),
respectively. As shown in Figs. 11(a, d), a large
number of LAGBs can be seen in parent grains and
these LAGBs divide the parent grains into several
sub-grains. Moreover, the parent grains are
surrounded by some fine dynamically recrystallized
grains along the grain boundaries or inside the
parent grains. Figures 11(c, f) show the curves of

Fig. 10 SEM fracture morphologies of samples with different processes: (a, b) Homogenization; (c, d) DE; (e, f) ES
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misorientation degrees of the black arrows AB and
CD presented in Figs. 11(a, d). It can be found that
the parent grains have a large orientation gradient,
which indicates that there are a great number of
dislocations in these parent grains. It can be learned
from the literature [22] that the cumulative
strain during deformation may contribute to the
dislocations in the grains, which can rearrange or
merge to generate sub-grains and gradually absorb
more dislocations to form DRXed grains. The
corresponding (0001) pole figures are presented in
Figs. 11(b, e). The grain orientations of sub-grains
are very close to the parent grains and the
orientation of the newly DRXed grains exhibits a
more scattered distribution. In general, these grains
all present a preferred orientation.

Figure 12 presents the discontinuous dynamic
recrystallization (DDRX) behavior and the
corresponding grain orientation distribution in
R2 and R4 selected in Figs. 7(d, g), respectively.
According to SITDIKOV and KAIBYSHEV [23],
the grain boundary dislocation provides the
accommodation of plastic deformation and these
dislocations are mainly non-basal systems. The
interaction of these basal dislocations yields the
formation of sub-grain boundaries, which cut off

(b)
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the protrusion from the grain body, and then the
misorientation of sub-grain boundaries increases
through gathering dislocations, finally leading to
the formation of HAGBs [23]. Furthermore, the
non-basal systems are easier to be activated due to
the grain-boundary compatibility stress. Accordingly,
the grain refinement and the activity of non-basal
slip systems contribute to the DDRX behavior. As
shown in Figs. 12(b, ¢) and 12(e, f), the pole figures
and inverse pole figures (IPF) show that the
newly DRXed grains exhibit different orientations
compared to the parent grains, indicating that the
DDRX mechanism contributes to the randomly
distributed grain orientation.

Figure 13 presents the distribution mappings
of the TAZ521 alloys with different processes and
corresponding statistical frequencies of different
grain regions, where the blue area represents
recrystallized grains, the yellow area represents
sub-grains, and the red area represents deformed
grains. Figure 13(b) shows that the percentage of
DRXed grains is 25%, indicating few grains
undergo dynamic recrystallization during the DE
process. It is suggested that more nucleation sites
are provided for DRXed grains by accumulating
high-density dislocations during deformation,
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hence promoting dynamic recrystallization grain
refinement [24]. The sub-grains show a relatively
higher fraction, which is mainly due to the high

dislocation density. About 25% of grains have
insufficient internal storage energy, therefore
exhibiting deformed grains. After the ES process,
the majority of grains remain sub-grains with a
percentage of 59.9%. It could not be neglected to
find that the proportion of DRXed grains decreases
to 5.73%. According to Fig. 8(c), few dislocations
are formed after two passes of shearing deformation.
It can be deduced that these uniformly distributed
dislocations in the grains lead to an increasing
number of sub-grains, which is consistent with the
results of GUO et al [15]. Moreover, the small
precipitates provide more nucleation sites for
the dynamic recrystallizations and DRX grain
refinement through accumulating high-density
dislocations during deformation. It is pointed out
that nano-sized secondary phase particles (<1 pm)
may lead to the grain-boundary pinning effect,
hence hindering recrystallization nucleation and
grain growth [24]. In this work, both the dynamic
precipitation of Mg>Sn and nano-sized secondary
precipitates hinder the DRX through the grain-
boundary pinning effect. Therefore, the volume
fraction of the recrystallized grains decreases.

4.2 Texture evolutions
Figure 14 shows the (0001) pole figures of the
TAZ521 alloys. It can be seen that the basal pole
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Fig. 14 (0001) pole figures of TAZ521 alloys with different processes: (a) Homogenization; (b) DE; (¢) ES

density points are located randomly. The micro-
textures have differences from the macro-textures
shown in Fig. 6, which is mainly caused by the test
range. The EBSD test area is less than the area
conducted by XRD. It can be seen from Fig. 14(b)
that the DE-processed alloy exhibits a typical
extruded texture with (0001) basal planes parallel to
ED and the texture intensity value increases to 5.23.
The basal slip, which is the easiest slip system, can
hardly be activated at this orientation. Therefore,
this orientation formed during the DE process can
contribute to the improvement of strength, while the
ductility is still suppressed due to the limited slip
systems. The increase in the strain during extrusion
may cause a decrease in the CRSS for dislocation
slip [25]. After the ES process, the basal pole figure
gradually exhibits a typical texture of ECAPed
deformation, that is, the (0001) basal planes are 45°
tilted to the ED, which indicates that the basal
slip becomes available and is helpful for the
improvement of ductility with activation of
different slip systems [18]. It should be noted that
the strength does not decrease due to the activity of
basal slip; however, the maximum intensity of the
(0001) pole figure shows a slight increase. On the
other hand, the grains are further refined after the
ES process, leading to higher strength.

4.3 Strengthening—plasticity mechanisms
4.3.1 Strengthening mechanism

For the extruded alloys, the increment of
yield strength can be ascribed to grain refinement
strengthening (Ac,), precipitation strengthening
(Aop), dislocation strengthening (Acg) and solution
strengthening (Aoss) effects. Thus, the total yield
stress (oys) could be estimated as follows [26]:

ovs=Ao g+AO'p+AO' itAoss (2)

The solution strengthening contribution (Acss)
can be presented as the equation [27]: Acss=CAX??,
where C is the strengthening rate, and AX is the
atomic fraction of solute. As the EDS results
presented above, Sn and Al are mainly applied
for the second phase particles, and thus the solid
solution strengthening can be neglected.

The grain refinement strengthening could
be calculated by the following Hall-Petch
relationship [11]:

Aog=cothkd > 3)

where oy is the parameter determined in the poly-
crystalline material (taken as ao=11 MPa) [27];
d is the average grain size; k is the material
constant. In this work, the value of k is taken as
280 MPa-um " [28]. Consequently, contributions
of grain refinement strengthening of the TAZ521
alloys after different processes are estimated to be
50.72, 138.80, and 178.33 MPa, respectively.

Based on Taylor formula, the strengthening
contribution from residual dislocation can be
calculated by [29]

Aoy =MaGb./psnp 4

where M is Taylor factor with value of 2.5 [30]; a is
a constant with a value of 0.2, G is the shear
modulus of Mg alloys (16.6 GPa). As the pgnp is
already calculated in this work, the values of
dislocation strengthening (Agq) of the as-
homogenized, DE-processed, and ES-processed
alloys are estimated to be 4.82, 17.00, and
18.01 MPa, respectively.

The high density of precipitates is dispersed in
the a-Mg matrix, which inhibits the dislocation
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motion and results in the strengthening effect. The
YS increment Atorwsn caused by precipitation
strengthening can be estimated by the Orowan
strengthening relationship as presented [31]:

MGh 0.785d,
In

p =
2aicv (B2 0.785)d, ’
/

p

Ao

(5)
where v is the Poisson ratio with value of 0.33.
The volume fractions of precipitates (f;,) for the
alloys processed in this work are 5.86%, 0.52%,
and 0.59%, respectively. And d, represents the
average size of the spherical precipitates. According
to the analysis obtained by SEM and TEM results,
the values of d, for alloys in this study are 770,
260.5, and 156.2 nm, respectively. Based on Eq. (5),
the contributions of precipitation strengthening are
estimated as 10.40, 6.39, and 10.51 MPa.
As illustrated in Fig. 15, The theoretically
calculated results are close to the experimental
results within the margin of error.
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4.3.2 Plasticity mechanism

To investigate main deformation mechanism of
the as-extruded alloy during the tensile deformation
in this study, Fig. 16 reveals the Schmid factor (SF)
maps and distribution for basal {(a) slip, prismatic
(a) slip, and pyramidal {ct+a) slip of as-extruded
alloys, respectively. The average SF values for three
types of slip modes are >0.3. The SF value of basal
(a) slip gradually increases to 0.36, while the SF
values of the prismatic (a) slip and pyramidal {ct+a)
slip decrease slightly, which suggests that the CRSS
decreases. Therefore, the basal slip can be easily

activated during the DE and ES processes. The
changes for this phenomenon are probably
attributed to the following reasons: firstly, the
increase of fine DRXed grains makes the
dislocation slip shorter and the finer and more
homogeneous microstructure can decrease the
CRSS difference between basal and non-basal slip
systems [32]. Secondly, the stresses of grain
boundary compatibility boost the cross-slip of basal
(a) dislocations to non-basal plans during
deformation [33]. Thirdly, the dissolution of
Mg,Sn phases may contribute to reducing the
CRSS anisotropy between basal and non-basal slip
systems, which is beneficial to activating non-basal
slip systems. Therefore, the ductility of the extruded
alloys is improved according to the above reasons.

The ultimate tensile strength and elongation
of magnesium alloys are summarized in Fig. 17.
Noticeably, Mg—Sn binary alloys, Mg—Sn—Al based
alloys, and Mg—Sn—Zn based alloys exhibit high
strength, with an ultimate tensile strength of about
300 MPa. Moreover, the Mg—Sn—Zn based alloys
show great ductility, with an elongation range from
20% to 30%. The Mg—Sn—Al-Zn based alloys
possess higher UTS up to more than 350 MPa;
however, they exhibit relatively poorer ductility.
In comparison, the Mg—Sn—Al-Zn based alloys
conducted by the ES process in this work show
excellent strength and ductility.

The microstructure evolution during extrusion
is illustrated in Fig. 18 for better understanding.
The as-homogenized alloy shows an equiaxial-
grained microstructure with some large secondary
precipitates distributed along the grain boundaries
and inside the grains. During hot extrusion, the
initial coarse precipitates are broken and separated
in the grains. Meanwhile, a large number of
dislocations are accumulated along the grain
boundaries and then LAGBs are formed, finally
leading to the formation of HAGBs, which is
known as CDRX. The newly generated DRXed
grains are located along the grain boundaries,
exhibiting a typical necklace structure. The
dislocation regions with high density can lead to the
migration of the GBs and sub-grain boundaries are
formed. The accumulation of misorientation by the
migration of LAGBs converts into HAGBs, turning
the sub-grains into fine DRXed grains [19]. As the
accumulative strain increases, the high storage
energy drives the DRX nucleation through the PSN
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mechanism. At the end of the extrusion process, the

microstructure is combined with both numerous
DRXed grains and several unDRXed regions.

@ Coarse Mg,Sn precipitate
@ Small Mg,Sn precipitate

Fig. 18 Schematic

® Fine DRXed grains

illustration of microstructure

evolution during extrusion



Feng-jian SHI, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2120-2137 2135

Moreover, the nano-scale precipitates contribute to
hindering the growth of DRXed grains by the
pinning effect. Therefore, the microstructure is
finally refined through deformation.

5 Conclusions

(1) After the hot extrusion, the grain size
of the TAZ521 alloys was significantly decreased,
especially the ES-processed alloys exhibited a more
homogenous microstructure.

(2) The Mg Sn phases were broken into
nanoscale particles after extrusion and were equally
located in the alloy. The Mg>Sn phases contributed
to the dynamic recrystallization behavior by
hindering the movement of dislocations.

(3) The mechanical properties of the TAZ521
alloys were significantly improved after the ES
process. The YS and UTS of the ES-processed alloy
reached 212 MPa and 303 MPa, respectively, which
increased by 152.4% and 113.4% compared to those
of the as-homogenized alloy. The enhancement of
strength is owing to grain refinement strengthening
and precipitate strengthening.

(4) The elongation of the ES-processed alloy
increased from 6.1% to 21.7%. The multiple slip
modes including basal slips and non-basal slips
contributed to the improvement of ductility, which
indicates that the ES process is an effective method
to enhance the strength without sacrificing the
ductility.
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