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a b s t r a c t

Achieving high strength-ductility synergy is a great challenge in low-alloyed Mg alloys. In this work, a
new Mge1.0Zne0.45Cae0.35Sne0.2Mn (wt.%, ZXTM1000) alloy was designed and fabricated by sub-
rapid solidification (SRS) to overcome the dilemma. After hot rolling and annealing, the new alloy
sheet exhibited an excellent tensile yield strength (YS, ~270 MPa) and elongation (~21%). Microstructure
characterization revealed that the high YS was mainly attributed to the fine grains (~3 mm) and high
density of spherical Ca2Mg6Zn3, Mg2Ca, and a-Mn precipitates. Moreover, the homogeneous grain size
distribution, weakened TD-split texture and the activation of multiple types of slips contributed to the
enhanced ductility. The findings demonstrate an effective way to fabricate low-alloyed Mg alloys with
high strength and ductility by combining the SRS and hot rolling.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Magnesium (Mg) alloys have drawn crucial attention for its low
density and high specific strength, but the expectant broad applica-
tion is restricted by inferior yield strength (YS) and poor deformation
ability [1]. Element alloying isbrought forward asaneffectivemethod
to address these problems [2,3]. For example, Sasaki et al. [4] devel-
oped an extruded Mge6.6Sne5.9Zne2.0Ale0.2Mn (wt.%) alloy,
exhibiting an excellent YS of 370MPawith an elongation (EL) of 14%.
Note that high content alloying is conducive to improvingmechanical
properties,while it also increases thecostandbringsdifficulties in the
processingofalloys for industries [5,6].A low-alloyedMgalloyusually
exhibits insufficientYS for industryapplicationsunless theductility is
significantly sacrificed. Severe plastic deformation (SPD) is used to
improve the strength and ductility simultaneously based on the grain
refinement [7,8]. However, it is still a big challenge for industries to
fabricate large-scale Mg alloy components by the SPD.
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ThedissatisfactoryYSof low-alloyedMgalloys originates fromthe
grain coarsening during thermal-mechanical processes and the
disappointing precipitation hardening [9]. Introducing a high volume
fraction of nano-precipitates to the Mg matrix can not only inhibit
grain growth but also trigger precipitation hardening. To increase the
density of nano-precipitates, micro-alloying with multiple elements
would be a promising strategy. The addition of Zn and Ca facilitates
the formation of thermostable Ca2Mg6Zn3 and Mg2Ca phases, which
is beneficial for grain refinement and aging hardening [2,10]. More-
over, the solid-solution of Zn and Ca atoms can also improve the
formability by facilitating non-basal slips [11] and weakening basal
texture [12]. Trace addition of Sn and Mnwould be used to furtherly
stabilize the microstructure due to the pinning effect from CaMgSn
[2,13] and Mn [10,14] precipitates. Note that the Ca-containing
eutectic phases, formed in the MgeZneCaeSn series alloys during
solidification, prefer to exist at dendrite boundaries [2,13]. These
eutectic phases,whicharebrittle and typically coarse, tend to fracture
and detach from the Mg matrix, and result in the pile-up of disloca-
tions and hence high-stress localization, acting as crack sources dur-
ing deformation. However, it is difficult to homogenize and dissolve
the coarse eutectic Ca-containing phases into the Mgmatrix, even at
500 �C for 24 h,which prevents alloying elements from fully exerting
their strengthening and toughening potential [15,16].

mailto:chengwang@jlu.edu.cn
mailto:wanghuiyuan@jlu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2020.157317&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2020.157317
https://doi.org/10.1016/j.jallcom.2020.157317


Z.-M. Hua, B.-Y. Wang, C. Wang et al. Journal of Alloys and Compounds 855 (2021) 157317
The cooling rate plays an important role in the evolution of as-
cast microstructure. Note that the sub-rapid solidification (SRS),
with a high cooling rate ranging from 102 to 103 K/s, can signifi-
cantly refine the dendrites and eutectic phases, compared with the
conventional solidification (CS) procedure (cooling rate < 102 K/s).
The microstructure refinement is originated from the increased
nucleation rate induced by larger undercooling and inhibited grain
growth under the SRS [17e20]. Moreover, Xu et al. [17] and Wang
et al. [21] demonstrated that the MgeAleCaeMn series alloys with
a higher cooling rate (~100 K/s) during solidification exhibited finer
grain size after extrusion, compared with the samples with lower
cooling rate (~15 K/s), leading to an enhanced YS in the former case.
Besides, the higher cooling rate during solidification would also
lead to the reduced diffusion time of solutes, resulting in effective
solute trapping in the Mg matrix, which is beneficial for precipi-
tation during subsequent thermomechanical deformation [17].
Although rapid solidification (cooling rate > 103 K/s) could further
modify the as-cast structure, the SRS is expected to be easily
operated and scaled-up [18].

In this paper, a novel low-alloyed
Mge1.0Zne0.45Cae0.35Sne0.2Mn (wt.%, ZXTM1000) alloy is fabri-
catedbasedon theSRS, showingangood combinationof strengthand
ductility after hot rolling and annealing. The systematic microstruc-
ture characterizations and the analysis of strengtheningmechanisms
illustrate the reasons for the high strength-ductility synergy in our
developed alloy. Moreover, to demonstrate the significance of the
utilization of SRS, the ZXTM1000 alloy is also prepared by CS and
experiences the same thermomechanical processes for comparison.

2. Experimental procedures

The ZXTM1000 alloy was prepared from commercial pure Mg
(99.90 wt%), pure Zn (99.90 wt%), pure Sn (99.90 wt%), Mge25Ca
(wt.%), and Mge5Mn (wt.%) in an electric resistance furnace under
the protection of a gasmixture of 99.5% CO2 and 0.5% SF6 at ~680 �C.
After being purified and kept for about 15 min, the melts were
poured into the water-chilled copper molds with cavity sizes of
80 mm (L) � 50 mm (W) � 20 mm (T), and
80 mm (L) � 50 mm (W) � 5 mm (T), where L stands for length, W
stands for width, and T stands for thickness, denoted as the as-cast
CS and SRS ZXTM1000 alloys, respectively. Rolling slabs with di-
mensions of 40 mm � 25 mm � 5 mm were cut from the as-cast
samples and hot-rolled at 300 �C from ~5 mm to ~0.85 mm by 5
passes,with ~30% thickness reductionperpass, denotedas the rolled
ZXTM1000 alloy. Before each rolling pass, the samples were pre-
heated at 300 �C for 10min. Finally, the rolled sheets were annealed
at 300 �C for 15 min, denoted as the annealed ZXTM1000 alloys.

The K-type thermocouples and data acquisition hardware
(EM9104C, ZTIC, China) were utilized to collect the real-time data of
solidification temperature at a scanning frequency of 200 Hz. The
microstructure was characterized by optical microscopy (OM),
scanning electronmicroscopy (SEM), electron backscatter diffraction
(EBSD), and transmission electron microscope (TEM, JEM-2100F,
operating at an accelerating voltage of 200 kV). For EBSD charac-
terization, the SEM (TESCAN, VEGA3 XMU, Czech) equipped with an
Oxford Instruments NordlysNano EBSD detector was utilized for the
annealed ZXTM1000 alloys, while an FE-SEM (Zeiss, Sigma 500)
equipped with an Oxford Instruments Symmetry EBSD detector was
adopted for the rolled and tension-deformed ZXTM1000 alloys. The
tensile tests were carried out along the rolling direction (RD) using
an AGS-X-100 kN electric universal testing machine coupled with a
video extensometer under the strain rate of 1.0� 10�3 s�1. Dog-bone
specimens with a gauge size of 10 mm � 4 mm � 0.8 mm were
employed for the tensile tests by at least three times.

Metallographic specimens were conventionally ground,
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manually polished, and etched for about 15 s in an acetic picric so-
lution (1.5 g picric acid, 2 mL acetic acid, 3 mL distilled water, and
25 mL ethyl alcohol). Before the EBSD characterization of the rolled
samples, an annealing treatment at 250 �C for 10minwas employed
to release the severe stress concentration caused by rolling to
improve the index. The EBSD data were analyzed via the HKL
CHANNEL5 software. For the clean-up procedure, the Wild Spikes
were extrapolated firstly, and then a medium level of Zero solution
extrapolationwith theneighbour of 5was performed.Moreover, the
recrystallizedgrainsweredefinedwith thevalueof grainorientation
spread (GOS) less than1�,while the valueofGOS fordeformedgrains
was larger than 7.5�, and the grains with the value of GOS ranging
from 1� to 7.5� were defined as substructured grains. Thin foil
specimens for TEM observationwere prepared through mechanical
grinding to ~70 mm thickness followed by ion-beam thinning. The
dislocation types of the annealed SRS ZXTM1000 specimen were
observed under the two-beam diffraction conditions.

3. Results

3.1. Microstructure of the as-cast CS and SRS ZXTM1000 alloys

Fig. 1 shows the cooling curves of the as-cast CS and SRS
ZXTM1000 alloys. The cooling rate of Mg melts was evaluated
based on the interval between pouring temperature and solidifi-
cation onset temperature (liquidus point) [22], which is the slope of
the initial linear descent stage of the cooling curve. The cooling
rates are ~20 K/s and ~200 K/s for the CS and SRS alloys,
respectively.

Fig. 2aed show the as-cast microstructure of the CS and SRS
ZXTM1000 alloys. The SRS alloy has a significantly finer grain size of
~100 mm, compared with that of ~240 mm for the CS counterpart.
Both of the alloys contain CaMgSn phase (indicated by red arrows)
located at GBs and spherical Ca2Mg6Zn3 phase (indicated by yellow
arrows) distributed within grains, which is consistent with refer-
ence [2]. Note that the morphology of CaMgSn transforms from the
lamellar shape (Fig. 2c) into the tadpole shape (Fig. 2d) along GBs
when the cooling rate is increased from ~20 K/s to ~200 K/s.
Distinctly, these brittle Ca-containing phases in the SRS alloy
(Fig. 2d) exhibit more uniform distribution with a finer size than
the CS counterpart (Fig. 2c).

3.2. Microstructure of the rolled and annealed CS and SRS
ZXTM1000 alloys

After hot rolling, the microstructure of both alloys is remarkably
refined, compared with the as-cast state. However, the grain size of
the rolled SRS ZXTM1000 alloy (Fig. 3b) is still smaller than that of
the rolled CS counterpart (Fig. 3a). Numerous low-angle grain
boundaries are formed within the two alloys, and there are large
accumulatedmisorientation angles in the deformed grains, e.g. ~0.8
deg/mm and ~3.3 deg/mm for the rolled CS and SRS alloys, respec-
tively (Fig. 3c), which indicates that the continuous dynamic
recrystallization (CDRX) process dominated during hot rolling [23].
Many double twin boundaries (DTWs, red lines) and contraction
twin boundaries (CTWs, green lines) can be detected in the rolled
CS (Fig. 3d) and SRS alloys (Fig. 3e), which are expected as the
favorable sites for static recrystallization during subsequent
annealing treatment [24].

Fig. 4a and b illustrate the microstructure evolution in the
annealed CS and SRS ZXTM1000 alloys. The fragmental phases in
the SRS alloy (Fig. 4b) are finer and distribute relatively more uni-
form along the RD than those in the CS alloy (Fig. 4a). The broken
second phases in the CS alloy are concentrated in some regions
(Fig. 4a), which would lead to the localized strain intensification
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Fig. 1. Cooling curves of the as-cast (a) CS and (b) SRS ZXTM1000 alloys.

Fig. 2. (a, b) Optical and (c, d) SEM-BSE images of as-cast (a, c) CS and (b, d) SRS ZXTM1000 alloys.
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and the generation of micro-cracks during tensile deformation,
deteriorating the strength and ductility of the alloy [25].

Fig. 5a andd reveal that bothCS andSRSZXTM1000alloys exhibit
homogeneous fine-grained structure with modified basal texture
after rolling and annealing, wherein the basal pole splits from the
normal direction (ND) towards the transverse direction (TD),
denoted as TD-split texture. Note that the annealed SRS ZXTM1000
alloy (Fig. 5d) showsafineraveragegrain size of ~3mm,while that for
the CS alloy (Fig. 5a) is ~5 mm,which is similar to the phenomenon in
the as-cast and rolled samples. Apart from the grain size, the
annealed CS ZXTM1000 alloy exhibits similar average SFbasal value
involving tension along RD (Fig. 5b) and recrystallization fraction
(Fig. 5c) to those of the annealed SRS alloy (Fig. 5e and f).

3.3. Mechanical properties of the annealed CS and SRS ZXTM1000
alloys

The tensile true stress-strain curves of the annealed CS and SRS
ZXTM1000 alloys are shown in Fig. 6a. The SRS alloy exhibits a high
YS of ~270MPa, ultimate tensile strength (UTS) of ~305MPa, and EL
of ~21%, which are ~45 MPa, ~50 MPa and ~7% higher than those in
the CS counterpart (Fig. 6b). The simultaneous improvement in
strength and ductility of the SRS alloy results from its finer grain
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size and modified size and distribution of Ca-containing eutectic
phases than those of the CS alloy.

Fig. 6c summarizes the YS as a function of elongation for various
wrought Mg alloys with alloying content smaller than 4 wt%. The
annealed SRS ZXTM1000 alloy developed in this work shows an
excellent strength-ductility balance compared to previously stud-
ied MgeZneCa-based alloys and other commercially available Mg
wrought alloys such as MgeAleZn and MgeZn series. The rela-
tionship between the work-hardening rate (ds=dε) vs. true strain
for the annealed SRS alloy is shown in Fig. 6d. After a brief increase,
the work-hardening rate value witnesses a continuous decrease,
implying that multiple slips are activated to accommodate defor-
mation during tension. As shown in the present work and litera-
ture, the SRS exhibits overwhelming advantages over the CS in
homogenizing and refining the microstructure. The following
characterization would be focused on the annealed SRS ZXTM1000
alloy to explore the reasons for high strength-ductility synergy.

3.4. TEM analysis of the annealed SRS ZXTM1000 alloy

Bright-field (BF) TEM images (Fig. 7a and b) show that there are
some sub-micron and numerous nano-sized spherical particles
distributing at GBs, which plays an effective role in inducing the



Fig. 3. IPF maps with the corresponding {0001} pole figures for the rolled (a) CS and (b) SRS ZXTM1000 alloys, (c) point to origin misorientation angle profiles along Line 1 and Line
2 in (a) and (b), (d) and (e) band contrast maps superimposed with twin boundaries of the rolled CS and SRS ZXTM1000 alloys, respectively.

Fig. 4. SEM-BSE micrographs of the rolled and annealed (a) CS and (b) SRS ZXTM1000 alloys.
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Zener pinning effect and restricting the grain growth [2,5]. The
associated selected area diffraction (SAD) patterns in Fig. 7a,
viewing along the zone axis of ½2113�, indicates that the A precip-
itate is Ca2Mg6Zn3 phase. Moreover, the corresponding lattice pa-
rameters are determined as a ¼ 0.983 nm and c ¼ 1.018 nm,
respectively, which are similar to the reference [36] (a ¼ 0.97 nm
and c ¼ 1.0 nm for Ca2Mg6Zn3 precipitate). The nano-sized pre-
cipitate B is confirmed to be a-Mn phase based on the high-
resolution TEM (HRTEM) image in Fig. 7b. The calculated lattice
parameter (a ¼ 0.897 nm) for a-Mn shows consistence with the
reference [37] (a ¼ 0.891 nm). The EDS mapping results (Fig. 7deg)
for the BF-STEM image (Fig. 7c) reveal three types of particles. The
nano-sized spherical particles are abundant with Mn, determined
as a-Mn phase. Only Ca element is enriched in particles sized in
~100 nm, while the largest spherical particle in the field of view is
found to be enrichedwith Zn and Ca. Consequently, the precipitates
in the annealed SRS alloy are expected to be Ca2Mg6Zn3, Mg2Ca, and
a-Mn phases.

As shown in Fig. 5f, the annealed SRS ZXTM1000 alloy shows an
incompleted recrystallization process, which indicates that there
are many substructures, such as residual dislocations, stored within
the grains. Further TEM analysis was adopted to reveal the dislo-
cation behaviors, and the results are presented in Fig. 8. Based on
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the g,b ¼ 0 invisible criterion [27], the BF-TEM images under the
two-beam condition of g ¼ ½0002� (Fig. 8a and b) show numerous
residual dislocations containing <c> component. Moreover, under
the two-beam condition of g ¼ ½1011� (Fig. 8c and d), there appear
more new dislocations (indicated by white arrows) within the
grains, determining as <a> type dislocations. Previous studies
[38,39] showed that basal <a> and prismatic <a> slips would
perform an important role in accommodating the deformation in
the MgeZneCa series alloys. Consequently, the <a> dislocations
(Fig. 8c and d) in the present study are predicted to include both the
basal and prismatic types. The numerous residual dislocations
would strengthen the alloy during subsequent tension test, which
would be discussed later. The BF-STEM image in Fig. 8e reveals that
the dislocations are strongly pinned by a-Mn phases (sized in
10e20 nm) and Ca-containing particles (sized in 100e200 nm). The
EDS results (Fig. 8g) of Line 1 in Fig. 8f shows a co-segregation of Zn
and Ca atoms at GB.

3.5. Microstructure of the tension-deformed SRS ZXTM1000 alloy

As indicated by the curve of work-hardening rate vs. true strain
(Fig. 6d), there are multiple slips activated in the tension-deformed
SRS ZXTM1000 alloy. EBSD-assisted slip trace analysis, used in



Fig. 5. (a, d) IPF maps with the corresponding {0001} pole figures, (b, e) (0001) <11e20> SF distribution maps, wherein the inserts in (b) and (e) represent the average SF value and
(c, f) maps of different types grains for the rolled and annealed (a)e(c) CS and (d)e(f) SRS ZXTM1000 alloys.

Fig. 6. (a) True stress-strain curves of the annealed CS and SRS ZXTM1000 alloys, (b) comparison of mechanical properties between the annealed CS and SRS ZXTM1000 alloys, (c)
yield strength vs. elongation for the present annealed SRS ZXTM1000 alloy and other alloys with alloying content <4 wt% [26e35], (d) corresponding work-hardening rate (ds= dε)
vs. true strain for the annealed SRS ZXTM1000 alloy.
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previous studies [9,40], was utilized to determine the type of slips in
the present study. After a ~8% strain, five representative grains with
visible slip traceswere selected for the SEMexamination (Fig. 9aee),
and the corresponding EBSD was obtained for the determination of
the grain orientation (Fig. 9fej). The configuration of an individual
5

slip trace for a specific slip system of the grain was depicted by
inputting its Euler angles into a MATLAB code [9,41]. Fig. 9k-o show
the results of simulated slip traces, where 1 to 3 represent basal<a>
slip, 4 to 6 represent prismatic <a> slip, and 7 to 12 represent py-
ramidal II <cþa> slip. Comparing the experimental slip traces (as



Fig. 7. (a, b) BF-TEM and (c) BF-STEM images of the annealed SRS ZXTM1000 alloy, where the inset in (a) is corresponding SAD patterns for particle A and the inset in (b) is the
HRTEM for particle B, (d)e(g) corresponding EDS mapping images of (c).
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indicatedby thewhite lines in Fig. 9aee)with those simulatedby the
code, the activated slip systems in the five selected grains can be
determined as basal <a> slip for grains in Fig. 9a and b (as indicated
by the red lines in Fig. 9k and l), prismatic<a> slip for grains in Fig. 9c
andd (as indicated by the red lines in Fig. 9mandn), andpyramidal II
<cþa> slip for grain in Fig. 9e (as indicated by the red line in Fig. 9o).
Consequently, it can be concluded that multiple slips, such as basal
<a> slip, prismatic <a> slip and pyramidal II <cþa> slip, are facili-
tated during tension test.
4. Discussion

4.1. Microstructure evolution

The annealed SRS ZXTM1000 alloy shows a homogeneous fine-
grained (~3 mm) structure (Fig. 5d). As shown in Fig. 7a and b,
numerous sub-micron Ca2Mg6Zn3, Mg2Ca, and nano-sized a-Mn
are located at GBs, which could suppress the motion of GBs and
inhibit the grain growth [2,10]. Besides, there is a considerable co-
segregation of Zn and Ca atoms along the GBs (Fig. 8g), triggering
the solute dragging force to slow down the migration of GBs and
hindering the grain coarsening. Previous study [42] showed that Zn
atom with a smaller size than Mg atom tends to segregate to the
compression region of dislocation core in GB, whereas Ca atomwith
6

a bigger size than Mg atom inclines to diffuse to the extension re-
gion, leading to the reduction of GB energy for grain growth.

Moreover, the annealed SRS ZXTM1000 alloy exhibits a TD-split
texture, which is different from the intense basal texture of com-
mercial AZ series alloys. After hot rolling, the SRS ZXTM1000 alloy
contains many CTWs and DTWs (Fig. 3e), which are considered as
the favorable sites to the nucleation of static recrystallized grains
with TD-split orientation during subsequent annealing treatment
[1]. Besides, the motion of GBs is strongly suppressed by profuse
precipitates as well as the enrichment of Zn and Ca atoms at GBs.
The Zener pinning effect and solute dragging force would greatly
inhibit the preferential growth of the recrystallized grains, and thus
resulting in the development of TD-split texture [3,24,42].
4.2. Reasons for high strength e ductility synergy

The microstructure characterization reveals that the main
contributing factors for the high YS (~270 MPa) are fine grains,
numerous precipitates, and residual dislocations. Note that the
annealed SRS ZXTM1000 alloy exhibits a TD-split texture, which
would not strengthen the alloy as obvious as the strong basal
texture. According to the standardHall-Petch equation [43]: sgrain ¼
kd�1=2, where d is the average grain size (~3 mm) and k is the Hall-
Petch coefficient (0.313 MPa m0.5 for MgeZneCa series alloys



Fig. 8. (a)e(d) BF-TEM images showing dislocation behaviors under the two-beam conditions of (a, b) g ¼ ½0002�, and (c, d) g ¼ ½1011� in two separate grains, (e, f) BF-STEM images,
where (e) shows the interaction between precipitates and dislocations; (g) EDS results of Line 1 in (f), showing the co-segregation of Zn and Ca atoms at GB.
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[12]), the YS increment from grain refinement is estimated as
~180 MPa, indicating the fine grains strengthening contributes the
most to the high YS. Abundant spherical sub-micron and nano-sized
second phases are detected within grains (Fig. 7a and b), which
would strengthen the alloy via the Orowan strengthening. The
Orowan strengthening effect can be predicted by sOrowan ¼

M
�

Gb
2p

ffiffiffiffiffiffiffiffiffiffi
ð1�yÞ
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�0BBB@ 1 

0:953ffiffi
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��
, where M is the average

Taylor factor (~2.5 for dominant <a> slip), G is the shear modulus
(~1.7 � 104 MPa), b is the Burgers vector (3.2 � 10�10), y is the
Poisson’s ratio (~0.3), D is the mean particle diameter (~160 nm for
Ca-containing precipitates and ~15 nm for a-Mn particles), f is the
volume fraction of precipitates (~3.5% for Ca-containing precipitates
and ~0.7% for a-Mn particles) and r0 is the dislocation core radius
(0.32 nm) [43]. At least 5 images were used to calculate the volume
fraction of the particles. For simplicity, the whole Orowan
strengthening is the linear superposition of the two types of second
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phases. Accordingly, the calculated value of precipitation hardening
in the annealed SRS ZXTM1000 alloy is ~39 MPa.

Furthermore, as revealed in Fig. 8, numerous dislocations are
retained after annealing, which can improve the YS of the annealed
SRSZXTM1000alloybasedontheTaylor law[44]. The incrementofYS
induced by residual dislocations is dependent on the dislocation
density, calculated by r ¼ 2q/ub, where r is the GND density, q rep-
resents the localmisorientation (<3�),b is theBurgersvector (0.32nm
for Mg), and u is the unit length (step size, 600 nm) [44]. The calcu-
lated dislocation density is 6.0� 1013 m�2, and thus the increment of
YS related to dislocation strengthening can be calculated by:
sdis¼ aMGb

ffiffiffi
r

p
, where a is a constant (0.2), M is the average Taylor

factor, G is the shear modulus, b is the Burgers vector [44]. The
contribution of residual dislocations to strengthening is estimated as
~21 MPa. By summing the contributions from the fine-grain
strengthening, precipitation strengthening, dislocation strength-
ening, and friction stress (s0) for pure Mg (25MPa), the predicted YS
of theannealedSRSZXTM1000alloy is~265MPa.There isaminorgap
between the predicted YS and the experimental value (~270 MPa),
which may be originated from the solid-solution strengthening.



Fig. 9. (a)e(e) SEM images illustrating the traces (indicated by the white dot lines), (f)e(j) corresponding IPF maps showing the orientation of the selected grains, (k)e(o) the
calculation of the 12 possible traces for the selected grains obtained from the annealed SRS ZXTM1000 alloy after a strain of ~8%. (1e3 represent basal <a> slips, 4 to 6 represent
prismatic <a> slips, and 7 to 12 represent pyramidal II <cþa> slips).
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In general, good ductility usually means that more uniform
deformation occurs and more slip modes are activated during
deformation. A homogeneous fine-grained (~3 mm) structure with
TD-split texture can enhance dislocation storage, and therefore
delaying the occurrence of necking and improving the ductility
[38]. It is accepted that an enhanced work-hardening rate implies
an improved resistance to plasticity instability. The high density of
precipitates within grains (Fig. 7a and b) would be beneficial to
improve the work-hardening rate by inhibiting the dynamic re-
covery of dislocations, and thus ameliorating the ductility [44,45].

Moreover, the introduction of Zn and Ca atoms in the Mg matrix
would also affect the critical resolved shear stress (CRSS) of basal and
non-basal slip systems, and accordingly influence the ductility of the
alloys. Blake et al. [46] reported that the moderate increment of
ductility in MgeZn alloys originates from the softening of prismatic
<a> slip due to the addition of Zn element. Previous studies
[3,11,40,47] also reported that the co-addition of Zn and Ca reduces
the difference in the CRSS of prismatic<a>with respect to basal <a>
slip, leading to enhanced prismatic slips to accommodate deforma-
tion and therefore improved ductility. Furthermore, the solid-
solution of Zn and Ca atoms in the Mg matrix contribute to the
decrease of I1SFE [48], which may be beneficial for the operation of
<cþa> slips to accommodate deformation in the present study.
Therefore, the good ductility in the present annealed SRS ZXTM1000
alloy can be guaranteed by the homogeneous fine-grained structure,
enhanced work-hardening rate, and the activation of multiple types
of slips.

5. Conclusion

To summarize, a newwrought ZXTM1000 alloy sheet, exhibiting
an excellent combination of YS (~270 MPa) and elongation (~21%),
was fabricated by the SRS, hot-rolling, and annealing. The SRS
obviously refines theeutectic CaMgSnandCa2Mg6Zn3phases,which
is beneficial to the microstructure homogenization and grain
refinement, leading to the YS increment of ~45MPa, UTS increment
of ~50MPa, and EL increment of ~7% than that of the CS counterpart.
8

The annealed SRS ZXTM1000 alloy shows a fine-grained structure
(~3 mm) which is stabilized by profuse nanoscale (10e200 nm)
spherical Ca2Mg6Zn3, Mg2Ca, and a-Mn precipitates, and the co-
segregation of Zn and Ca atoms at GBs. Moreover, the annealed
SRS ZXTM1000 alloy contains a high density of residual dislocations,
which play as a contributing factor for the achievement of high
strength. Fine-grains strengthening and precipitate strengthening
are considered to be the main reasons for the high YS, while the
improved ductility is attributed to the uniform grain size distribu-
tion, enhanced work-hardening capacity, and the activation of
multiple types of slips. Therefore, the present study provides an
effectiveway to fabricate low-alloyedMgalloyswith simultaneously
enhanced strength and ductility by coupling the SRS and hot rolling.
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