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A new low-alloyed Mg-2Sm-0.8Mn-0.6Ca-0.5Zn (wt.%) alloy is prepared by low-temperature and low-
speed extrusion. The as-extruded alloy has ultra-high yield strength (YS, 453 MPa) but poor elongation
(3.2%) mainly due to the formation of a fine-grained structure containing high-density residual dislo-
cations and Mn nanoparticles. More importantly, after subsequent simple annealing, the alloy exhibits
an excellent combination of high-strength and high-ductility, with the YS of 403 MPa and elongation
of 15.5%. The effective inhibition of grain growth by grain boundary (GB) co-segregation of Sm/Zn/Ca is
crucial for the annealed alloy to maintain high strength. Appropriately decreased dislocation density, es-
pecially the evolution of immovable long S-<c+a> dislocations towards new GBs, is a key factor for the
remarkable increase of ductility for the annealed alloy. Thus, we put forward a new strategy for devel-
oping low-alloyed Mg alloy with high strength-ductility mainly based on dislocation evolution and GB

Keywords:

Magnesium alloys

High strength

High ductility

Dislocations

Grain boundary segregation

segregation.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Magnesium (Mg) alloys, as the lightest structural metallic ma-
terials with a lower density (.74 g/cm3) about one quarter that of
steels, offer significant application potential for aerospace, military
hardware, automotive, 3C (computer, communication, and con-
sumer electronics), and other fields [1-3]. Numerous efforts and
attempts, including alloying, deformation, and heat treatment, have
been made in the past two decades to develop high-performance
Mg alloys [4-6].

The excellent combination of strength and ductility is still one
of the research focuses to promote the application of Mg alloys [7-
9]. Some age-hardenable wrought Mg alloys with high rare earth
(RE) content have been known as the typical high strength Mg al-
loys [10,11]. For example, Li et al. [10] prepared a binary Mg-13Gd
alloy with the yield strength (YS) of ~470 MPa. Wan et al. [11] de-
veloped a Mg-8Gd-3Y-0.4Zr alloy with the highest YS (~650 MPa)
reported so far. The strengthening of these alloys mainly depends
on fine-grained structure with nano precipitates as well as tex-
ture. Such alloys usually increase their strength at the expense of
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ductility, and high RE content also means high cost and density.
Therefore, achieving high performance under low alloying condi-
tions is of great concern in the present R&D of Mg alloys [12-
17]. By regulating the extrusion process such as extrusion temper-
ature and extrusion rate, at present, low-alloyed AZ31 [12], AZ31-
1Ca [12], Mg-2Sn-2Ca [13], Mg-1.0Ca-1.0Al-0.2Zn-0.1Mn [14], Mg-
1.0A1-1.0Ca-0.4Mn [15] with high strength and acceptable ductility
have been prepared successfully. The excellent mechanical proper-
ties of these alloys are mainly attributed to the fine-grained struc-
ture with appropriate dislocation density formed during deforma-
tion processing. In fact, it is a laborious task to obtain such an ideal
microstructural combination (i.e., fine-grained structure + disloca-
tions with appropriate density) directly in the extrusion process
[12,15]. However, it is relatively easy to achieve high strength and
low ductility via extrusion deformation. For example, Liu et al
[15] prepared a high-strength Mg-1.0Al-1.0Ca-0.4Mn alloy with YS
of 445 MPa by extrusion at low temperature (200 °C) via forma-
tion of a fine-grained structure combined with high-density dis-
locations. It is considered that the ductility of as-extruded alloy
can be improved by adjusting dislocations through subsequent an-
nealing. Such process of extrusion combined with annealing seems
to be easier to achieve high strength-ductility of Mg alloys. How-
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ever, it must be noted that regulating dislocations in fine-grained
Mg alloys via annealing is also easy to cause considerable grain
growth, possibly leading to a significant increase in ductility but
a sharp decrease in strength. Therefore, if the grain growth dur-
ing dislocation regulation can be inhibited, a simple and conve-
nient new method for developing low-alloyed fine-grained Mg al-
loys with high strength-ductility is expected to be realized.

In this work, the low-temperature and low-speed extrusion
process was used to achieve fine-grained structure and high-
density dislocations in a low-alloyed Mg alloy. The Sm/Ca/Zn co-
segregation was utilized to effectively inhibit grain growth during
annealing [18,19]. In addition, the addition of Mn could delay the
dynamic recrystallization and further refine grains [17], and the
formed Mn nanoparticles would compensate for the low precipi-
tation strengthening effect, which was a common phenomenon in
low-alloyed Mg alloys.

The Mg-2Sm-0.8Mn-0.6Ca-0.5Zn (wt.%) cast ingot was fabri-
cated by melting mixture of pure Mg (99.95 wt.%), pure Ca
(99.95 wt.%), pure Zn (99.90 wt.%), Mg-25Sm (wt.%), and Mg-10Mn
(wt.%) master alloys. The ingots were extruded employing an ex-
trusion ratio of 25:1 at 260 °C with a die-exit speed of 1 mm s~1.
Considering the factors of dislocation recovery, static recrystalliza-
tion, and grain growth [18-20], 350 °C was adopted as the an-
nealing temperature, and the samples annealed for 2 min, 10 min,
and 15 min were marked as HT02, HT10, and HT15, respectively.
Dog-bone-shaped tensile specimens with a gage length of 20 mm,
a width of 4 mm, and a thickness of 2 mm were tested by a
testing machine (AG-X-plus, Shimadzu, Japan) at an initial strain
rate of 1 x 1073 s~! at room temperature. The tensile direction
was consistent with extrusion direction (ED), and at least three
specimens for each condition were tested to ensure data accu-
racy. The microstructure was characterized by a transmission elec-
tron microscope (TEM, Talos F200X, Thermo Fisher Scientific, USA)
equipped with energy dispersive spectroscopy (EDS), and a scan-
ning electron microscope (SEM, Zeiss GeminiSEM 500, Germany)
equipped with electron backscattered diffraction (EBSD, Symme-
try, Oxford Instruments, UK). The thin-foil specimens for TEM were
prepared by ion-milling using a PIPS II system (Gatan 695, USA)
at —30 °C. The TEM results were analyzed by Digital Micrograph
3.7 software. The dislocation type was evaluated under two-beam
diffraction conditions using different diffraction g vectors, accord-
ing to g-b invisibility criterion. The specimens for EBSD were care-
fully mechanically polished followed by ion beam milling (Leica
RES101, Germany), and were tested with 180 nm EBSD step size.
The EBSD results were dealt with the orientation imaging mi-
croscopy software Azteccrystal 2.1. 15° was considered to be the
threshold of high-angle grain boundary (HAGB, black line) and
low-angle GB (LAGB, gray line), and grain orientation spread (GOS)
=1°, as a common threshold, was used to distinguish recrystallized
or unrecrystallized grains.

Fig. 1(a) presents the tensile curves of Mg-Sm-Mn-Ca-Zn alloys
prepared by the traditional hot extrusion and subsequent short-
term annealing. The average YS and ultimate tensile strength (UTS)
of the as-extruded alloy without annealing is up to 453 MPa and
465 MPa, respectively, reaching the strength level of many high-
strength Mg alloys with high RE content (> 10%). However, the av-
erage elongation (EL) to failure for the as-extruded alloy is only
3.2%, which is insufficient for most applications. Short-term an-
nealing was used to balance strength and ductility. With the ex-
tension of annealing time, the strength of the alloy decreases
slightly, but the ductility increases obviously. The average YS, UTS,
and EL of the alloy annealed at 350 °C for 15 min (HT15 al-
loy) are 403 MPa, 411 MPa, and 15.5%, respectively. As shown in
Fig. 1(b), the developed HT15 alloy exhibits a superior combina-
tion of strength and ductility than most other low-alloyed Mg al-
loys [12-17,21,22].
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Fig. 2(a-1)-(d-2) show the inverse pole figure (IPF) maps and
recrystallized grain size distributions of the studied alloys in dif-
ferent states. The as-extruded alloy consists of fine recrystallized
grains and large deformed grains. The area fraction of dynamic re-
crystallized (DRXed) grains is about 55%, and the average DRXed
grain size is only 0.72 pm. After annealing for different times,
static recrystallization occurs in the alloys, resulting in the obvi-
ous reduction of the elongated un-DRXed grains, and the recrys-
tallized grains grow up gradually, especially in HT15 alloy. The
average recrystallized grain size of the three annealed alloys are
0.86 um, 0.98 pum, and 1.19 pum, respectively, implying the slow
grain growth rate during the annealing process. In addition, care-
ful observation reveals that LAGBs (gray lines in Fig. 2(a-1)-(d-1))
are reduced with annealing. The IPFs referring ED in Fig. 2(a-3)-
(d-3) show that all the four alloys have <10-10>//ED fiber texture,
and the intensity of <10-10>//ED texture reduces with annealing.
The Kernel average misorientation (KAM) analyses are shown in
Fig. 2(a-4)-(d-4) and listed in Table S1, reflecting the geometri-
cally necessary dislocations (GNDs) in alloys. The as-extruded al-
loy has a maximum average KAM value (1.10°), indicating higher
GNDs than other alloys. The average KAM value of annealed alloys
decreases gradually due to the annealing recrystallization, and the
average KAM value for HT15 alloy decreases to 0.60. It is also noted
that the annealing had little effect on the average KAM value in the
recrystallized grains (Table S1).

The TEM image of Fig. 3(a) confirms that the DRXed grain size
distribution in the as-extruded alloy ranges from 0.3 to 1.5 pm.
Careful observation shows that most of the DRXed grains still have
a relatively high density of residual dislocations (Fig. 3b). Further-
more, it can be seen from Fig. 3(c) that there are more profuse
dislocations in the un-DRXed grains, and most of them are the
typical straight dislocations (marked as red arrows). Based on the
invisibility criterion of dislocations, i.e., geb = 0 [23], the two-
beam bright-field (TBBF) images were used to further character-
ize the dislocation types in DRXed and un-DRXed grains of the as-
extruded alloy. Fig. 4(a) and (b) show the TBBF images with diffrac-
tion vector g = [0002] and [2-1-10] near the [01-10] zone axis
in a DRXed grain. <c+a> dislocations including straight <c+a>
(named as S-<c+a>) dislocations and other <c+a> dislocations are
observed in both two diffraction vectors g, while <a> dislocations
are displayed under diffraction vector g = [1-2-10]. The represen-
tative TBBF images for un-DRXed grains in the as-extruded alloy
are shown in Fig. 4(c) and (d) with diffraction vector g = [0002]
and [2-1-10]. It is noted that a great number of more typical resid-
ual long S-<c+a> dislocations exist in un-DRXed grains. Similar S-
<c+a> dislocations have been found in other Mg alloys and rec-
ognized as the straight segments of <c+ta> dislocations lying par-
allel to the pyramidal-basal intersection [14,24]. It is generally ac-
knowledged that the presence of these long S-<c+a> dislocations
is due to the low mobility of <c+a> edge dislocations [25]. More
recently, Liu et al. [24] further expressed that the S-<c+a> dislo-
cations derive from dislocation dipoles during <c+a> dislocation
evolution by means of in-situ TEM observation. It is universally ac-
cepted that this kind of long S-<c+a> dislocations is immovable
[9,12]. Fig. 3(d) shows that the recrystallized grain size of HT15 al-
loy is in the range of 0.5-2.0 pm, confirming that the grain size
increases slightly after annealing. Note that although dislocation
recovery is inevitable during annealing, residual dislocations are
still evident in the recrystallized grains of HT15 alloy (Fig. 3e and
Table S1). Static recrystallization occurs in the un-DRXed regions
with the extension of annealing time, and the initial un-DRXed
grains gradually disappear. It should be emphasized that the long
S-<c+a> dislocations are rarely found here, and new GBs gradually
evolve from dislocations (Fig. 3f).

The high-angle annular dark-field (HAADF) images and corre-
sponding EDS mappings were used to characterize the element
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Fig. 1. (a) Tensile stress-strain curves of Mg-Sm-Mn-Ca-Zn alloys; (b) distribution map of YS and EL of the studied alloys and other high-performance low-alloyed Mg alloys
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Fig. 2. EBSD analyses of the four studied alloys: (a-1)-(a-4) as-extruded alloy; (b-1)-(b-4) HTO02 alloy; (c-1)-(c-4) HT10 alloy; (d-1)-(d-4) HT15 alloy. (a-1)-(d-1) IPF maps
with the reference direction parallel to ED; (a-2)-(d-2) grain size distribution (recrystallized grains); (a-3)-(d-3) IPFs referring to ED; (a-4)-(d-4) KAM maps.

segregation. The GB co-segregation of Sm, Zn, and Ca elements
occurs at HAGBs, while Mn element is dispersed in the form of
particles without GB segregation, as shown in Fig. 5(a). Note that
the segregation occurs at HAGBs of almost all recrystallized grains
(HAADF image in Fig. S1a). The region of green box in Fig. 3(c) is
selected for HAADF and EDS characterization to verify the segrega-
tion of dislocations or LAGBs in unrecrystallized grains. However,
no segregation is observed on dislocations or LAGBs (Fig. 5b).

To accurately reveal the sources of strength, the strengthen-
ing phases were also observed by TEM. A few submicron parti-
cles (over 100 nm) are composed of Mg-Sm-Zn and Mg-Ca phases
(Fig. S1a). The dominant strengthening particles are the nanoscale
Mn particles uniformly distributed in the Mg matrix (Figs. 5 and

S1), which are considered to be the main source of precipitation
strengthening. In addition, it is noteworthy that annealing has al-
most no effect on Mn nanoparticles (Fig. S1d vs. e). To more accu-
rately evaluate the contribution of nanoparticles to YS, the thick-
ness of the thin foils was measured by convergent-beam electron
diffraction (CBED) method [23], and the effective planar interparti-
cle spacing and uniform diameter of nanoparticles were measured
using Image-Pro software. The mean diameters of Mn nanoparti-
cles in as-extruded (Fig. S1d) and HT15 (Fig. S1e) samples are es-
timated to be 11.5 and 11.9 nm, and the mean planar center-to-
center distances are determined to be 38 and 35 nm, respectively.

The results show that the ultra-high strength (YS = 453 MPa)
accompanied by low ductility (EL = 3.2%) can be achieved in a low-
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Fig. 3. Bright-field TEM images of (a)-(c) as-extruded and (d)-(f) HT15 alloys. (a) and (d) recrystallized regions; (b) and (e) high density dislocations in recrystallized grains;
(c) and (f) unrecrystallized regions. Note that (f) new grains form from dislocations and LAGBs.

Fig. 4. TBBF-TEM images of (a),(b) DRXed and (c),(d) un-DRXed grains in as-extruded alloy showing the type of residual dislocations. The long S-<c+a> dislocations, other
<c+a> dislocations, and <a> dislocations are marked by the yellow, red, and purple arrows, respectively.
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Fig. 5. HAADF images and corresponding EDS mappings of (a) DRXed and (b) un-DRXed grains in as-extruded alloy. The region in (b) is corresponding to that of the green

box in Fig. 3(c).

alloyed Mg-2Sm-0.8Mn-0.6Ca-0.5Zn alloy by hot-extrusion, and the
strength decreases slightly while the ductility increases dramat-
ically after annealing (HT15 alloy: YS = 403 MPa, EL = 15.5%).
The typical microstructural characteristic of as-extruded alloy is
the fine-grained structure (grain size: ~0.72 pm) combined with
the high density dislocations (pocnp = 6.66 x 10 m~2, Table S2)
and the uniformly distributed Mn nanoparticles, which is mainly
responsible for the ultra-high strength of as-extruded alloy [26].
In this work, the low extrusion temperature (260 °C) under the
relatively large extrusion ratio (25:1) facilitates the formation of
fine DRXed grains due to the low migration rate of GBs, reduces
the rate and degree of dislocation recovery, and promotes the dy-
namic precipitation. Moreover, the low die-exit speed of 1 mm s~!
ensures that the actual temperature during the extrusion process
does not rise much compared to the set temperature. In addition,
it has been reported that the addition of Mn can delay the dynamic
recrystallization and further refine DRXed grains [17,27]. More im-
portantly, after subsequent annealing, the grain size only grows
slightly (~1.19 um for HT15 alloy), the dislocation density still re-
mains relatively high level even though it decreases to some ex-
tent (oenp = 3.64 x 10 m~2 for HT15 alloy, Table S2), and the

Mn nanoparticles are almost unchanged, which are the main rea-
sons why the strength of annealed alloy decreases just slightly. The
strengthening contribution of these Mg-Sm-Mn-Ca-Zn alloys was
calculated (see the Supplementary Information) and the results are
basically consistent with the experimental results. It should be em-
phasized here that in the studied alloy, significant segregation of
Sm, Zn, and Ca elements is formed at the HAGBs (Fig. 5a and
HAADF image in Fig. S1a), which is considered to play an impor-
tant role in inhibiting grain growth during annealing [28].

The low ductility of the as-extruded alloy and the notably im-
proved ductility after subsequent annealing are mainly related to
dislocations and their evolution in grains. As mentioned above, the
as-extruded alloy has a considerably high density of residual dis-
locations compared with common extruded Mg alloys, especially
containing a large number of immovable long S-<c+a> disloca-
tions (Figs. 3c and 4). This is considered to be mainly responsi-
ble for the low ductility of as-extruded alloy. After annealing, the
dislocation density decreases (Fig. 2(a-4)-(d-4) and Table S2), and
especially the immovable long S-<c+a> dislocations reduces more
obviously due to their involvement in the formation of new GBs
(Fig. 3), which can undoubtedly reduce the dislocation tangle and



Z. Zhang, ]. Zhang, J. Xie et al.

break the strong slip hindrance from the immovable long S-<c+a>
dislocations during tensile deformation, and contribute to the duc-
tility improvement of annealed alloys.

In summary, an ultra-high strength low-alloyed Mg-2Sm-
0.8Mn-0.6Ca-0.5Zn (wt.%) alloy with YS of 453 MPa and EL of 3.2%
has been prepared by low-temperature and low-speed extrusion,
which is almost the highest strength Mg alloy among the low-
alloyed Mg alloys fabricated by the traditional extrusion process.
The fine-grained structure with the high density dislocations and
the uniformly distributed Mn nanoparticles is mainly responsible
for the ultra-high strength. More importantly, the excellent combi-
nation of high strength and high ductility is realized by the sub-
sequent simple annealing, and the YS and EL for HT15 alloy are
403 MPa and 15.5%, respectively. The segregation of Sm, Zn, and
Ca elements at HAGBs can effectively inhibit grain growth during
annealing, which is an important reason for the annealed alloy to
maintain high strength. The significant improvement of ductility is
mainly due to the appropriate decrease of dislocation density, es-
pecially the evolution of immovable long S-<c+a> dislocations to
new GBs.
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