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Abstract: Two new low-alloyed Mg—2RE—-0.8Mn—0.6Ca—0.5Zn (wt%, RE = Sm or Y) alloys are developed, which can be produced on an in-
dustrial scale via relatively high-speed extrusion. These two alloys are not only comparable to commercial AZ31 alloy in extrudability, but also
have superior mechanical properties, especially in terms of yield strength (YS). The excellent extrudability is related to less coarse second-
phase particles and high initial melting point of the two as-cast alloys. The high strength—ductility mainly comes from the formation of fine
grains, nano-spaced submicron/nano precipitates, and weak texture. Moreover, it is worth noting that the YS of the two alloys can maintain
above 160 MPa at elevated temperature of 250°C, significantly higher than that of AZ31 alloy (YS: 45 MPa). The Zn/Ca solute segregation at
grain boundaries, the improved heat resistance of matrix due to addition of RE, and the high melting points of strengthening particles (Mn,

MgZn,, and Mg-Zn-RE/Mg-Zn-RE—Ca) are mainly responsible for the excellent high-temperature strength.

Keywords: magnesium alloys; high-speed extrusion; high strength; high ductility; solute segregation

1. Introduction

Magnesium (Mg) alloys, as the lightest metal structural
material with a low density (1.74 g/cm®) about a quarter that
of steel, have significant application potential in aerospace,
military hardware, automotive, 3C electronic products, and
other fields [1-3]. However, traditional Mg alloys usually
have low strength and poor ductility at room temperature and
unsatisfactory high-temperature strength, seriously hindering
the further wide application of Mg alloys [4].

AZ31 commercial alloy, as the most widely used and ma-
ture Mg alloy, has good extrudability and can be used in
large-scale industrial production. However, the trade-off
between production efficiency and mechanical properties is
often unavoidable [5—9]. The high-speed extrusion at a high
temperature usually results in relatively low mechanical
properties. The yield strength (YS) of most Mg alloys, in-
cluding AZ31, prepared under high-speed extrusion is usu-
ally lower than 200 MPa [10—16]. The strength improvement
of AZ31 alloy has always been a research hotspot, but ac-
cording to current reports, the high-strength AZ31 alloy is
generally obtained under low-speed extrusion. For example,
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Zeng et al. [17] prepared AZ31 alloy with high Y'S (317 MPa)
and ductility (14.2%) via low-speed extrusion (about 0.1
m/min). Furthermore, the YS of AZ31 alloy decreases
sharply with the increasing temperature [18]. Unsatisfactory
mechanical properties are difficult to meet the increasing re-
quirements of industrial applications currently, and therefore,
it is of great significance to design the new high-perform-
ance Mg alloys that can be produced on a large scale.
Generally, the extrudability of Mg alloys is closely related
to the solidus temperature and the melting point of the sec-
ondary phases [19]. The high-speed extrusion process would
produce considerable friction heat, and once the real temper-
ature exceeds the solidus, initial melting, surface oxidation,
and local cracking may occur [12]. In addition, if there are
unstable secondary phases, the initial melting may also occur
far below the equilibrium solidus temperature. Therefore, in
addition to the factors affecting mechanical properties, the
above influencing factors for extrudability should be con-
sidered in designing new industrial Mg alloys. The addition
of rare earth (RE) alloying elements could improve the
solidus of Mg alloys and form strengthening phases with
high melting point [20]. Mn is generally known to eliminate

E-mail: nafion412@163.com;

@ Springer


https://doi.org/10.1007/s12613-022-2472-x
https://doi.org/10.1007/s12613-022-2472-x
https://doi.org/10.1007/s12613-022-2472-x

J.S. Xie et al., Designing new low alloyed Mg—RE alloys with high strength and ductility via high-speed extrusion 83

harmful elements, inhibit recrystallization to refine grains,
and improve heat resistance for Mg alloys [21]. More re-
cently, Jin et al. [22] reported that trace Mn addition to
Mg-5Bi-2Al alloy could significantly improve the extrudab-
ility of the Mg alloy and simultaneously enhance the strength
and ductility. Ca is considered to play a similar role to RE in
improving heat resistance and modifying texture, and the co-
addition of Ca and Zn has been found to facilitate grain
boundary (GB) segregation, thus benefiting the heat resist-
ance of Mg alloys [23-25]. Based on the above analysis, the
low-alloyed Mg—RE alloys, namely Mg—2RE—0.8Mn—0.6Ca—
0.5Zn (wt%, RE = Sm, Y) are prepared via relatively high-
speed extrusion in this work, which is expected to contribute
to the development of high-performance Mg alloys for indus-
trial application.

2. Experimental
2.1. Materials preparation

The cast Mg—2Sm—-0.8Mn—0.6Ca—0.5Zn (wt%) and
Mg—2Y—0.8Mn—-0.6Ca—0.5Zn (wt%) alloys were prepared
by pure Mg (99.95wt%), pure Zn (99.90wt%), pure Ca
(99.95wt%), Mg—10%Mn (wt%), and Mg—25%Sm (wt%) or

Mg-25%Y (wt%) master alloys at 750°C under inert atmo-
sphere of CO, and SF¢ mixture in electric furnace. After
melting and stirring, the melt was cast into a steel mould with
diameter of 90 mm at 680°C. The actual chemical composi-
tions were analyzed by an inductively coupled plasma-atom-
ic emission spectrometer (ICP-AES, Thermo iCAP 7400), as
listed in Table 1. These as-cast ingots were preheated at
300°C for 2 h to reach the extrusion temperature and then ex-
truded from 80 to 16 mm in diameter with a high die-exit
speed of 6 m/min. These two as-extruded alloys were marked
as MXZ-Sm and MXZ-Y alloys, respectively. In addition,
the standard commercial AZ31 ingot prepared by similar
casting processes were purchased and also extruded at the
same process for comparison.

2.2. Mechanical properties

The as-extruded alloys were machined to dog-bone-
shaped tensile test samples with a gauge length of 20 mm, a
width of 4 mm, and a thickness of 2 mm. The tensile samples
were tested along the extrusion direction (ED) at a Shimadzu
AG-X-plus machine at room temperature (RT) and 250°C,
with the initial strain rate of 1 x 10 s™'. At least three speci-
mens were tested to ensure the accuracy of data.

Table 1. Chemical compositions of the alloys determined by ICP-AES wt%
Alloy Mg Sm Y Mn Ca Zn
Mg—2Sm—0.8Mn—-0.6Ca—0.5Zn Bal. 2.04+0.11 — 0.72 £ 0.03 0.63 +0.02 0.47 £0.02
Mg—-2Y-0.8Mn—0.6Ca—0.5Zn Bal. — 1.91 +£0.09 0.83 +£0.02 0.58 £0.02 0.51+0.02

2.3. Microstructure characterization

The electron back scattered diffraction (EBSD) analysis
was performed by a scanning electron microscope (SEM,
FEI Nova400) equipped with Symmetry EBSD detector (Ox-
ford Instruments). All the EBSD data were collected with a
scanning step size of 0.3 pm and an acceleration voltage of
20 kV. The samples used to EBSD were polished by a Leica
RES101 ion beam milling, and the EBSD data were ana-
lyzed by the orientation imaging microscopy software Aztec-
crystal 2.1 and HKL Channel 5. Taking 15° as the threshold
of high angle grain boundaries (HAGBs, black lines) and low
angle grain boundaries (LAGBs, gray lines). A transmission
electron microscope (TEM, FEI Talos F200X G2) equipped
with energy disperse spectroscope (EDS) was used to charac-
terize the microstructure by bright field (BF), high angle an-
nular dark field (HAADF), and high-resolution TEM (HR-
TEM) images and scanning transmission electron micro-
scope (STEM)-EDS mappings at the accelerating voltage of
200 kV. The thin foils for TEM were prepared by mechanic-
al grinding to below 40 pum and followed by ion polishing us-
ing a Gatan 591 at —30°C. The data of TEM were dealt with
the Digital Micrograph 3.7.

3. Results

Fig. 1 shows the bar surfaces of AZ31 and Mg-2RE—
0.8Mn—0.6Ca—0.5Zn (wt%) alloys directly extruded at about

300°C using a die-exit speed of 6 m/min. Under the same
high-speed extrusion condition, the surface of the two new
Mg—RE alloy bars have a smooth surface without crack, just
like AZ31 bar. The tensile curves of as-extruded alloys tested
at RT are shown in Fig. 2(a). The average YS and total
elongation (EL) in MXZ-Sm alloy are 216 MPa and 17%,
and they are 226 MPa and 24% for MXZ-Y alloy, respect-

Fig. 1. Extruded bar surfaces of AZ31 and Mg-2RE—0.8Mn—
0.6Ca—0.5Zn (wt%) alloys.
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ively. Both the two as-extruded alloys show good strength—
ductility synergy, and the product of strength and elongation
(PSE) for MXZ-Sm and MXZ-Y alloys are 4.131 and 6.408
GPa-%, respectively. It is noted that the AZ31 alloy prepared
in the same condition has much lower Y'S (150 MPa) as com-
pared to the two new alloys. Furthermore, the YS of the two
alloys still remains relatively high level tested at high tem-
perature of 250°C, i.e., 165 MPa for MXZ-Sm and 172 MPa
for MXZ-Y, only reduced by about 50 MPa compared with
the corresponding YS tested at RT (Fig. 2(b)). In contrast, the
YS of AZ31 alloy decreases sharply from 150 MPa at RT to
45 MPa at 250°C, which basically fails to meet the applica-
tion requirements. Table 2 summarizes the YS of high-speed
extrusion Mg alloys reported in recent years. Obviously, the
newly developed two alloys exhibit the highest YS at RT
among these reported alloys, and even the YS values of the
two alloys at 250°C are higher than those of most other al-
loys at RT.

Fig. 3 shows the inverse pole figure (IPF) maps, grain size
distribution maps, and (0001) pole figures of as-extruded
MXZ-Sm and MXZ-Y alloys. The as-extruded MXZ-Sm al-
loy consists of almost all dynamic recrystallized (DRXed)
fine equiaxed grains, with an average grain size of 2.40 pm
by EBSD analysis, while the as-extruded MXZ-Y alloy ex-
hibits higher fraction of un-DRXed grains but lower average
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grain size (1.76 um) compared with MXZ-Sm alloy. The ori-
entation of fine DRXed grains are almost random, while the
unDRXed grains (blue elongated grains) are certain orienta-
tion roughly with <1010>//ED. Accordingly, the pole figures
show that the MXZ-Y alloy has stronger basal texture than
MXZ-Sm alloy. Fig. 4 shows grain orientation spread (GOS)
maps and distribution maps of as-extruded MXZ-Sm and
MXZ-Y alloys. This is a grain-based method for measuring
the local misorientation value of each grain. For each grain,
the GOS value was calculated by the average degree of ori-
entation change between every pixel in the grain and the
grains average orientation. Here 1° is considered as a
threshold to distinguish between DRXed and unDRXed
grains, that is, 1° or less for DRXed grains and otherwise lar-
ger than 1° for unDRXed grains. Almost all grains are below
1° in MXZ-Sm alloy, while the bimodal distribution in mis-
orientation with one peak at low GOS value and second peak
at high GOS value is formed in MXZ-Y alloy. Based on the
GOS analysis, the dynamic recrystallization degree of MXZ-
Sm alloy is 93.9%, while that of MXZ-Y alloy is 73.6%.

The BF-TEM images further reveal the DRXed grains
with grain size of 1.5-3 um in the as-extruded MXZ-Sm al-
loy and the DRXed grains with smaller grain size of 1-2 pm
in the as-extruded MXZ-Y alloy (Fig. 5). In addtion, micron-
scale second-phase particles are rarely found except some
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Fig. 2. Tensile stress—strain curves of the as-extruded alloys at (a) 25°C and (b) 250°C.

Table 2. YS of high-speed extruded Mg alloys (extrusion rate: 6 m/min) at room and elevated temperatures

Alloy Test temperature / °C YS /MPa Ref.
Mg-3.36Zn—-1.06Sn—0.33Mn—-0.27Ca 25 177 [10]
Mg—0.71Zn-0.36Ca—0.07Mn 25 108 [11]
Mg-0.47Mn—0.30A1-0.21Ca 25 207 [12]
Mg-1.58Zn-0.52Gd 25 117 [13]
Mg-5Sn—2Zn 25 132 [14]
Mg—6.81Sn-1.10A1-1.07Zn 25 184 [16]
Mg-5Bi-3Al 25 210 [19]
AZ31 25 150+ 4 This work
Mg-2Sm-0.8Mn-0.6Ca—0.5Zn 25 216 +3 This work
Mg-2Y—-0.8Mn-0.6Ca—0.5Zn 25 226 £ 4 This work
AZ31 250 45+ 4 This work
Mg—2Sm—-0.8Mn—-0.6Ca—0.5Zn 250 165+2 This work
Mg-2Y—-0.8Mn-0.6Ca—0.5Zn 250 172+3 This work
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Fig. 4. GOS maps and distribution maps of as-extruded (al, a2) MXZ-Sm and (b1, b2) MXZ-Y alloys.

submicron particles (green arrows in Fig. 5) in BF-TEM im-
ages at low magnification. HAADF-STEM images and cor-
responding EDS mappings were used to further characterize
the second-phase particles in as-extruded alloys. In MXZ-Sm
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alloy, the particles with size of about 100 nm and above
mainly consist of MgZnSm and MgZnSmCa phases (Fig. 6).
Most notably, there are a large number of uniformly distrib-
uted nanoscale particles in the matrix (Fig. 6). These nano-



Fig. 5. BF-TEM images of as-extruded (a) MXZ-Sm and (b)
MXZ-Y alloys. Submicron particles are marked by the green
arrows.

Fig. 6. HADDF-STEM image and corresponding EDS map-
pings mainly showing particles in as-extruded MXZ-Sm alloy.

particles are confirmed as Mn particles by EDS mappings
(Fig. 6). The thickness of the thin foils was measured by the
convergent-beam electron diffraction (CBED) method [26],
and the effective planar interparticle spacing and uniform
diameter of nanoparticles measured using Image-Pro soft-
ware are 48 and 11.5 nm in MXZ-Sm alloy. HAADF-STEM
observation indicates there are almost no sub-micron
particles and mainly nanoparticles in MXZ-Y alloy, and EDS
mappings suggest that these nanoparticles are composed of
Mn particles and Mg—Zn particles (Fig. 7). As for MXZ-Y
alloy, the number density of nanoparticles is higher than that
for MXZ-Sm alloy, and the effective planar interparticle spa-
cing and uniform diameter of nanoparticles measured by Im-
age-Pro software are 26 and 11.7 nm in MXZ-Y alloy. The
HAADF images and the corresponding EDS mappings are
also used to characterize the element segregation at GBs in
the two as-extruded alloys (Fig. 8). Zn and Ca co-segrega-
tion is observed at HAGBs in both the two as-extruded
Mg-RE alloys, and part of second-phase particles are found
to be distributed at GBs.

200'nm
radias

Fig. 7.  HAADF-STEM image and corresponding EDS map-
pings showing nanoparticles in as-extruded MXZ-Y alloy.
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Nanoparticles would effectively hinder the movement of
dislocations and form a local strain field. It has been reported
that Mn nanoparticles are conducive to the accumulation of
dislocations on the (0002) plane in Mg alloys [21,27]. Here
the geometric phase analysis (GPA) method was used to
evaluate the interaction between another nano Mg—Zn phase
and dislocations, as shown in Fig. 9. According to the FFT
pattern, the Mg—Zn phase has a hexagonal structure and can
be identified as MgZn, phase (the insert image in Fig. 9(a)).
Fig. 9(b) and (d) shows the local strain on the (0002) plane is
obviously higher than that on the (0110) plane, indicating
that the nano MgZn, particles strongly hinder the most easily
activated basal dislocations.

The Kernel average misorientation (KAM) maps and
KAM distribution diagrams of two alloys are presented in

Fig. 8. HAADF-STEM images and corresponding EDS map-
pings mainly showing GB segregation in as-extruded (a) MXZ-
Sm and (b) MXZ-Y alloys.

(0110) y (0002) x i ijei ¢ e Ir
° o / g

Fig. 9. (a) HR-TEM and Fast Fourier transform (FFT) of
MgZn, phases; (c) FFT pattern of (a); GPA strain distribution
of (b) (0002) and (d) (0110) planes. &, and &, represent axial
strain.
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Fig. 10. Geometrically necessary dislocations (GND) are ac-
cumulated in plastic strain gradient fields and considered ne-
cessary to accommodate the local lattice strains. The average
KAM value can evaluate the GND density according to the
following formula [28-30]:

PG = ZKI;ZM (1)
where u can be considered equal to the scanning step of
EBSD (300 nm for the two alloys), and b is the magnitude of
Burgers vector (about 0.32 nm). The average KAM values of
as-extruded MXZ-Sm and MXZ-Y alloys are 0.49° and
0.68°, indicating that the GND densities of the two alloys are
1.78 x 10" m™ and 2.47 x 10" m™, respectively. The differ-
ence of dislocations density between the two alloys mainly
comes from the relatively lower DRXed fraction of as-ex-
truded MXZ-Y alloy.

Fig. 11 depicts Schmid factor (SF) maps and SF distribu-
tion diagrams of as-extruded MXZ-Sm and MXZ-Y alloys.
The average SF values of basal slip, prismatic slip, and pyr-
amidal slip in as-extruded MXZ-Sm alloy are 0.32, 0.36, and
0.33, respectively, while they are 0.25, 0.39, and 0.35 in as-
extruded MXZ-Y alloy, respectively. Note that there is a
more obvious concentration of SF in MXZ-Y alloy, which is
related to the bimodal structure containing unDRXed grains
in this alloy. Fig. 12 shows the IPFs referring to ED in the
two as-extruded alloys. The texture intensity of full grains,

0°

. 5°

DRXed grains, and unDRXed grains are 1.81 multiples of
random distribution (mrd), 1.80 mrd, and 3.02 mrd in MXZ-
Sm alloy, and they are 8.71 mrd, 1.60 mrd, and 27.38 mrd in
MXZ-Y alloy, respectively. Obviously, the stronger texture
of MXZ-Y alloy is mainly related to unDRXed grains.
Moreover, the DRXed grains with very weak texture intens-
ity of the two alloys have similar two texture components:
<1121>//ED and <2021>//ED. <] 121>//ED texture is known
as a typical “RE texture” [31], that is, the addition of Sm or Y
elements obviously weakens the texture of the two as-ex-
truded alloys.

4. Discussion

In this work, two novel low-alloyed MXZ-Sm and MXZ-
Y alloys with high strength—ductility at room and elevated
temperatures are developed via high-speed extrusion, having
great potential for large-scale industrial application. Both al-
loys exhibit good extrudability comparable to commercial
AZ31, and their tensile properties are significantly higher
than those of AZ31 as well as most reported high-speed ex-
truded Mg alloys.

4.1. High extrudability of Mg—2RE—-0.8Mn-0.6Ca—0.5Zn
alloys

It is notable that both the two Mg—2RE—-0.8Mn—0.6Ca—
0.5Zn alloys without solid solution treatment are success-

35
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Fig. 10. KAM maps and corresponding KAM distribution histograms of as-extruded (al, a2) MXZ-Sm and (b1, b2) MXZ-Y alloys.
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Fig. 12.
(a) MXZ-Sm and (b) MXZ-Y alloys.

fully extruded at a high die-exit speed of 6 m/min, showing
the crack-free glossy surface just like AZ31 (Fig. 1). Firstly,
there are few micron-scale second-phase particles in the as-
extruded alloys, and most of them are submicron and nano
scale (Fig. 5), suggesting that these second-phase particles
mainly come from the dynamic precipitation process during
hot-extrusion rather than the block eutectic phase formed
during solidification. In other words, there are relatively few
secondary phases in these two low-alloyed as-cast alloys,
which allows the alloys to be directly extruded without solid
solution treatment. Secondly, the extrudability of Mg alloys
is related to the thermal stability of the matrix and secondary
phases [19]. High-speed extrusion generates considerable
heat, and once the local temperature of the die land area is
higher than solidus temperature or the melting temperature of
secondary phases, local melting and subsequent cracking
would occur [12]. For example, severe surface cracks occur
in AZ80 and AZ91 alloys extruded at a die-exit speed of 6
m/min or more due to incipient melting of the Mg;;Al;, phase
(melting temperature: 437°C) [16,32]. In contrast, the addi-

Max = 1.60 [ Max =27.38 I l

Min

1010 1010

IPFs with the reference direction parallel to ED of full grains, DRXed grains, and unDRXed grains in as-extruded

tion of Sm/Y with high melting point ensures a higher initial
melting temperature of the Mg matrix and is conducive to the
formation of secondary phases with high melting point (such
as Mg—Sm—Zn phase shown in Fig. 6) [20]. Ca element can
delay surface oxidation and has a similar effect to RE ele-
ments [17,23]. It is believed that the high extrudability of the
two new alloys is at least closely related to the above factors.

4.2. High strength and ductility of as-extruded Mg—2RE—
0.8Mn-0.6Ca—0.5Zn alloys

The MXZ-Sm and MXZ-Y alloys extruded at a die-exit
speed of 6 m/min exhibit YS of 216 and 226 MPa at RT, re-
spectively (Fig. 2(a)), superior to most of the high-speed ex-
truded Mg alloys including AZ31. The high strength of the
two alloys is mainly related to the formation of fine grains
and a large number of nano particles. As shown in Fig. 3, the
average grain sizes for the two alloys are 2.40 and 1.76 pm
by EBSD analysis. The formation of fine DRXed grains may
be due to the GB segregation and rapid dynamic precipita-
tion of submicron/nano particles hindering the dynamic re-
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crystallization process during hot-extrusion [21,23]. It is
worth noting that the £ (Hall-Petch slope) value of Mg alloy
is about 290 MPa-um'?, which is significantly higher than
that of Al alloy, indicating that grain refinement could effect-
ively improve the strength of Mg alloy according to Hall-
Patch relationship [1,33-34]. STEM observation indicates
that the two alloys have abundant dynamic precipitation dur-
ing hot-extrusion, especially high number density nano-sized
precipitates (spacing: 48-26 nm; size: ~12 nm), including
Mn, MgZn,, and Mg-RE—Zn particles (Figs. 6-8). Numer-
ous nano-sized precipitates can produce effectively strength-
ening effect through Orowan mechanism (Fig. 9) [35-36]. In
addition to the above two main sources of strengthening,
there is still a certain dislocation density (GND densities:
1.78 x 10" m™ and 2.47 x 10" m™) in the two alloys due to
the high-speed extrusion at a relatively low temperature of
300°C, also producing strengthening effect to some extent.

More importantly, the two low-alloyed as-extruded
Mg—RE alloys can still maintain high strength at elevated
temperature, i.e., YS > 160 MPa at 250°C, fundamentally su-
perior to the high-speed extruded AZ31 alloy (YS at 250°C:
45 MPa). Firstly, the high melting point alloying elements
such as Sm and Y dissolved into Mg matrix can improve the
solidus temperature and heat resistance compared with ordin-
ary Mg alloys such as AZ31 [2,20]. Secondly, different from
Mg;;Al;, with low thermal stability in Mg—Al-Zn alloys, the
main precipitation phases in the designed alloys, such as Mn,
MgZn,, and Mg-Zn—RE/Mg—Zn-RE—Ca particles, have high
melting point, and can still effectively hinder the movement
of dislocations at 250°C. Kim et al. [37] have reported that
the co-existence of MgZn, and Ca,Mg¢Zn; particles in
Mg-Zn—Ca alloys improves the thermal stability of the alloy.
Thirdly, the Zn/Ca solute element segregation and nano-
particles at GBs also contribute to the heat resistance of the
two alloys to maintain high YS at elevated temperature (Fig.
8). Our team [23,25] has found that the Zn/Ca GB segrega-
tion can effectively inhibit grain growth at elevated temperat-
ure, contributing to a good strengthening effect. Hu et al. [38]
and Zha et al. [39] reported that solute segregation along GBs
of nano grains could improve their coarsening resistance by
decreasing both GB energy and GB mobility.

The as-extruded MXZ-Sm and MXZ-Y alloys also exhib-
it excellent ductility at RT, namely EL of 17% in MXZ-Sm
alloy and EL of 24% in MXZ-Y alloy, which is related to the
following factors. (i) Weak texture. Strong <1010>//ED fiber
texture, known as the most typical texture in common as-ex-
trued Mg alloys, can be modified by the addition of RE ele-
ments. The addition of Sm or Y promotes the formation of a
RE texture (i.e., <1 121>//ED) in DRXed grains and signific-
antly weakens the texture intensity of the two Mg alloys (Fig.
12). EBSD analysis indicates that the basal slip SF is not as
low as that of the common extruded Mg alloys with strong
basal texture (Fig. 11), meaning that basal dislocation slip is
not as difficult as that of the strong-textured common Mg al-
loys. In addition, high SFs for non-basal dislocation slip sys-
tem facilitate the activation of non-basal dislocations. Also, it

has been reported that RE addition can reduce the critical re-
solved shear stress (CRSS) ratio of difference between the
basal slip and the non-basal slip [40], which is conducive to
the activation of non-basal dislocations. For example, Huang
et al. [40] found adding 5wt% Y can reduce the ratio of
CRSS,onbasa/CRSSpasa to 1.6-2.7. (ii) Fine grains (2.40 pm
for MXZ-Sm and 1.76 pm for MXZ-Y). Fine grains can lim-
it the growth and propagation of twinning, activate the easy-
glide <c+a> dislocation, and suppress the undesirable trans-
ition from the easy-glide <c+a> dislocation to the immobile
dislocation [41-43]. For example, Cepeda-Jiménez et al. [44]
reported that non-basal slip is relatively easy to be activated
in pure Mg with grain size of 5 um than in pure Mg with
grain size of 36 pum. In particular, the higher ductility of
MXZ-Y alloy may be also related to bimodal structure con-
taining finer DRXed grains. A team [45—46] reported that the
coordination between the basal slip in the fine grains at the
early stage of deformation and the non-basal slips in the
coarse grains at the later stage of deformation helps to ac-
commodate c-axis strain, resulting in a high ductility in
AZ91—(Sn) alloys.

5. Conclusions

In this work, two highly extrudable low-alloyed Mg—
2RE-0.8Mn—0.6Ca—0.5Zn (wt%, RE = Sm or Y) alloys are
designed, and the as-extruded alloys show high strength and
ductility. The main conclusions are listed as follows.

(1) The MXZ-Sm and MXZ-Y alloys exhibit good ex-
trudability without prior solid solution treatment and still
maintain excellent surface quality at a high die-exit speed of
6 m/min. The high extrudability is related to the formation of
less coarse eutectic during solidification, and also to the high
melting point alloying elements improving the initial melting
temperature of the alloy matrix and the secondary phases.

(2) The high-speed extruded MXZ-Sm and MXZ-Y al-
loys have superior tensile properties (YS > 215 MPa, EL >
15%) at RT than AZ31 alloy extruded at the same process
(YS: 150 MPa, EL: 15%). The high strength—ductility of the
new alloys is mainly attributed to the formation of fine
grains, nano-spaced submicron/nano precipitates, and weak
texture.

(3) The high-speed extruded MXZ-Sm and MXZ-Y al-
loys can still keep high strength at elevated temperature, i.e.,
YS > 160 MPa at 250°C, fundamentally superior to the high-
speed extruded AZ31 alloy (YS: 45 MPa). The excellent
high-temperature strength is related to (i) the improved heat
resistance of matrix due to the addition of RE, (ii) the forma-
tion of strengthening particles (Mn, MgZn,, and Mg—Zn—
RE/Mg—Zn-RE—-Ca) with high melting points, and (iii) the
Zn/Ca GB co-segregation.
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