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Abstract 

Wrought Mg-Sn alloys are promising for biomedical applications due to their excellent biocompatibility, biodegradability, low density, 
and high specific strength. However, the poor corrosion resistance and mechanical performance of conventional wrought Mg-Sn alloys limit 
their clinical applications in load-bearing components. To address these challenges, an extrusion-shearing (ES) process was applied to a novel 
low-alloyed Mg-Sn-Li-Ca alloy, tailoring its microstructure and texture for comparison with conventional extrusion (EX). The ES process 
resulted in a significantly refined and homogeneous microstructure, reducing the average grain size to 4.9 μm, less than half of the EX sample 
(11.1 μm). Instead of a typical single-pole texture component with < 10−0 > //extrusion direction (ED) in EX sample, the ES sample showed 
a multipolar texture consisting of three fiber texture components: C1 (115 °, 90 °, 0 ∼60 °), C2 (175 °, 90 °, 0 ∼60 °), and P (150 °, 0 ∼90 °, 30 °). 
The ES sample achieved a tensile yield strength of 231.8 MPa and elongation of 14.3%, representing improvements of 10.4% and 24.3% over 
the EX sample, respectively. Microstructural evolution combined with visco-plastic self-consistent modeling revealed that the C1 component 
promotes {10–12} twinning in the ES samples. The enhanced strength and ductility of the ES samples stemmed from multi-polarization of 
texture, second-phase distribution, and more homogeneous grain refinement. Moreover, corrosion behavior in α-minimum essential medium 

was investigated through immersion and electrochemical tests. Although both EX and ES samples exhibited similar high biocompatibility, the 
biodegradation rate of the ES samples was only 68.2% of the EX sample under immersion. In the ES sample, the multidirectional second- 
phase streamlines (i.e., multi-polarization of the second phase) inhibited pitting corrosion; the more corrosion-resistant {1–217} planes are 
nearer to the sample surface in grains with C1 texture component, replacing the {10–10} planes in the EX samples. These findings provide 
a viable strategy for advanced biodegradable implants via crystallographic engineering. 
© 2026 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Magnesium and its alloys have attracted considerable at-
ention for biomedical applications owing to their low den-
ity, appropriate mechanical properties, excellent biodegrad-
bility, and favorable biocompatibility [ 1–4 ]. Their use as
mplant materials can eliminate the need for secondary re-
ision surgeries [ 5–7 ]. However, the large-scale applications
emain limited by several key factors [ 4 , 8 , 9,10 ], such as low
trength, poor ductility, and insufficient corrosion resistance.
lloying is an important method to improve the mechanical
roperties and corrosion resistance of Mg alloys. For exam-
le, the addition of rare earth (RE) elements such as Gd, Y,
r Nd [ 11–13 ] can promote grain refinement, introduce abun-
ant second-phase particles, and promote the formation of rare
arth textures (RE-texture) [ 14 ]. This improves strength, duc-
ility, and corrosion resistance. However, high-performance
E-Mg alloys rely on a relatively high addition of RE el-
ments, which leads to a high production cost [ 15 , 16 ] and
aises biocompatibility concerns [ 7 ]. To overcome these draw-
acks, scholars have developed a series of low-alloyed RE-
ree Mg alloys [ 9 , 17 , 18 ], including Mg-Ca [ 19 ], Mg-Zn [ 20 ],
nd Mg-Sn [ 21 , 22 ] based alloys. Among them, Mg-Sn alloys
resent more significant aging strengthening response, better
iocompatibility, and biodegradability, making them promis-
ng candidates for biomedical materials [ 23–25 ]. For load-
earing implants, such as bone implant devices and vascular
tents [ 25–27 ], adequate strength and ductility are required to
ndure physiological stress, while maintaining structural in-
egrity for at least 12 weeks [ 5 , 28 ] for the body’s self-repair
 25 ]. Nevertheless, the conventional wrought Mg-Sn alloys
isplay limited corrosion resistance [ 24 , 29 , 30 ], leading to an
xcessively rapid biodegradation rate. Achieving an optimal
alance among strength, ductility, and biodegradation rate re-
ains a key challenge for the practical application of Mg–Sn

lloys in biomedical implants. 
Strengthening and toughening of Mg-Sn alloy are pri-

arily achieved through grain refinement [ 31 , 32 ]. Extrusion
EX) is an efficient and cost-effective processing technique
or producing fine-grained Mg alloys [ 15 ], and it has also
ecome one of the main strengthening methods for fabri-
ating high-performance Mg-Sn alloys [ 22 , 33–35 ]. For in-
tance, after being processed by EX (at an extrusion ratio
f 23), the average grain size of low-alloyed Mg-2Sn-1Li-
Al alloy [ 36 ] could be refined to 1.37 μm, and the ten-
ile strength of the alloy reached 291 MPa with an elon-
ation of 9%. By optimizing the heat treatment process be-
ore extrusion, Zhou et al. [ 22 ] obtained a high-performance

g-6Sn-3Zn-0.3Zr alloy with a tensile strength of 325 MPa
nd balanced elongation of 27.6%. Although Mg-Sn al-
oys with excellent mechanical properties can be prepared
hrough extrusion, some shortcomings still exist. Non-uniform
rain refinement is commonly observed in extruded Mg-
n alloys [ 22 , 33 ], characterized by elongated coarse grains
long the extrusion direction (ED) [ 22 , 37 ]. Such microstruc-
ural heterogeneity enhances the mechanical anisotropy of
he alloy [ 38 ], which is undesirable for biomedical appli-
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
ations requiring resistance to multi-directional physiological
oading. 

In addition, due to the limited activation of the slip system
t room temperature, the extrusion of Mg-Sn alloys is usu-
lly carried out at high temperatures ( ∼300 °C) [ 22 , 25 , 35 ].
owever, the solid solubility of Sn atoms in the Mg matrix

s highly temperature-dependent. At 561 °C, approximately
4.5 wt.% Sn can be incorporated into the Mg matrix [ 39 ],
ut only ∼0.45 wt.% at 200 °C [ 40 ]. Consequently, abun-
ant coarse Mg2 Sn particles ( > 1 μm) [ 33 , 35 ] form and align
long the ED in hot extruded Mg-Sn alloys. These particles
ct as micro-galvanic couples with the Mg matrix, accelerat-
ng the corrosion rate [ 41 ]. Gong et al. [ 28 ] reported that the
orrosion rate of extruded Mg-2Sn-1Zn-1Y-0.3Zr alloy could
e 1.7 times higher than that of its as-cast counterpart. The
ain reason for this phenomenon is that the coarse Mg2 Sn

articles provide more active sites for galvanic corrosion. An-
ther characteristic of extruded Mg-Sn alloys is the develop-
ent of a strong basal texture [ 33 ]. For wrought Mg alloys,

he corrosion behavior also depends on the crystallographic
rientations [ 42 ]. According to Song [ 43 ], the {0001} basal
lane of Mg is considered to be more corrosion resistant than
he {10–10} prismatic plane. Thus, the strong basal texture
ot only leads to mechanical anisotropy [ 44 ] but also to an
nisotropic corrosion behavior [ 45 ]. 

In recent years, the coordinated optimization of microstruc-
ure and texture has become a key strategy for developing
igh-performance wrought Mg alloys [ 46–50 ]. The main ob-
ective is to control the grain size and weaken the basal tex-
ure [ 47 , 51 ]. Introducing severe plastic shear strain during
eformation is particularly effective [ 52–54 ], as it promotes
niform grain refinement, redistribution of precipitates, and
exture weakening. Therefore, equal channel angular pressing
ECAP) has been applied to fabricate the high-performance
iodegradable Mg alloys, including Mg-RE [ 55 ], Mg-Zn [ 56 ]
nd Mg-Sn [ 57 , 58 ] based alloys. Generally, multi-pass ECAP
eformation improves both corrosion resistance and mechan-
cal properties of Mg alloys compared to as-cast or homog-
nized alloys with coarse-grains [ 56 , 59 , 60 ]. However, such
mprovements are often limited or one-sided, constrained by
xcessive grain size and unbefitting texture modification. For
nstance, while grain refinement can enhance strength, an ex-
essively small grain size may accelerate corrosion. As re-
orted [ 61 ], the electrochemical corrosion rate of the Mg al-
oys can increase by up to 60% when the grain size of Mg
lloys is refined from 3 μm to 1.4 μm. Studies [ 57 , 58 , 62 ]
how that ECAP often induces pronounced grain refinement
 < 2 μm) in Mg-Sn alloys due to severe plastic shear strain
eformation, which in turn increases corrosion susceptibility.
s reported by Zemková et al. [ 55 ] and Martynenko et al.

 63 ], although multi–pass ECAP further enhances the me-
hanical performance of extruded Mg alloys through grain
efinement and the introduction of shear texture components,
t simultaneously leads to a decline in corrosion resistance.
his effect results not only from grain size but also from

exture evolution. Since the ECAP deformation can introduce
ome grains with prismatic and pyramidal planes paralleled to
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
ps:// doi.org/ 10.1016/ j.jma.2026.102000
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w  
he corrosion surface, the corrosion resistance should decrease
ue to their higher surface energy [ 56 ]. Moreover, recent stud-
es [ 44 , 64 ] also reported that the texture modification induced
y ECAP may also lead to a decrease in yield strength due
o the texture softening effect. Therefore, precisely identify-
ng the texture that simultaneously benefits both mechanical
roperties and biodegradation performance is critical. Addi-
ionally, ECAP-processed Mg samples typically have limited
imensions, and the need for continuous processing increases
echnical complexity. Achieving a synergistic improvement in
trength, ductility, and controlled biodegradation of Mg-Sn
lloys through coordinated microstructure and texture design
till requires innovative approaches. 

In this study, extrusion (EX) and extrusion-shearing (ES)
rocesses were employed to fabricate a low-alloyed Mg-
.0Sn-0.5Li-0.2Ca alloy (wt.%; denoted as TLX alloy). With
he ES processing, an alloy with a uniformly refined mi-
rostructure and multipolar texture was successfully obtained,
esulting in significantly improved mechanical properties and
iodegradation resistance compared with conventional EX
amples. This study systematically characterized the mi-
rostructure, deformation texture, mechanical behaviors, bio-
ompatibility, and biodegradation rate of the deformed alloy.
he influence of shear strain introduced during ES on the
icrostructure, second phase distribution, and texture evolu-

ion of TLX alloy was systematically examined. Visco-plastic
elf-consistent (VPSC) modeling was used to simulate the
ontribution of individual texture components to strength and
uctility. Finally, the underlying mechanisms governing the
ynergistic optimization of strength, ductility, and biodegra-
ation through uniform microstructure refinement and texture
ulti-polarization were elucidated. 

. Materials and methods 

.1. Materials and deformation techniques 

Alloy ingots with a nominal composition of Mg-3.0Sn-
.5Li-0.2Ca alloy (wt.%, referred to as TLX alloy) were pre-
ared from high-purity raw materials (99.9 wt.% pure Mg,
n, Li, and Ca) by using vacuum induction melting under ar-
on atmosphere. Following casting, homogenization treatment
f the ingots was conducted at 500 °C for 5 h. Then, the ho-
ogenized ingots were preheated at 350 °C for 30 min prior

o deformation. Subsequently, two deformation routes were
pplied: extrusion (EX) and extrusion-shearing (ES) [ 65 ] pro-
esses. As shown in Fig. 1 , in a single deformation pass of
S process, an extrusion (extrusion ratio of 4) with two-pass
CAP deformation (channel angle of 105 °) can be achieved.
uring the continuous ECAP deformation zone, the two shear
irections are opposite. For subsequent tests on microstruc-
ure, mechanical properties, and corrosion behavior, the sam-
le collection locations are also presented in Fig. 1 . Both EX
nd ES were performed at 350 °C with an extrusion speed of
0 mm/s. The extrusion ratio of the EX process is 16, cor-
esponding to a von-Mises equivalent strain of ∼2.8. For the
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
S process, as mentioned in our previous studies [ 44 , 65 ], the
alculated von-Mises equivalent strain is ∼2.5. 

.2. Characterization of microstructure, texture and 

echanical properties 

The microstructure of the processed samples was observed
hrough optical microscopy (OM), scanning electron mi-
roscopy (SEM, FEI Quanta 250F) equipped with an energy-
ispersive spectrometer (EDS), and transmission electron mi-
roscopy (TEM, FEI Tencai 20). For OM and SEM analyses,
oth the longitudinal (ED-ND) and cross-sectional (ND-TD)
lanes of the extruded bar were mechanically polished to a
irror finish. Picric acid and a 4% solution of nitric alcohol
ere used as etchants to reveal grain morphology and second-
hase particles. For TEM observations, the samples (3 m disc)
ere prepared by an ion milling instrument (GATAN 691) at
 kV. To identify the type of precipitation, X-ray diffraction
XRD) was performed with a scan rate of 2 °/min. 

Texture evolution and dynamic recrystallization behavior
ere examined via electron backscatter diffraction (EBSD,
EISS Gemini SEM 460) on the longitudinal (ED-ND) plane.
exture and slip/twin activities during deformation were sim-
lated using visco-plastic self-consistent (VPSC) modeling
 11 ], considering basal 〈 a 〉 , prismatic 〈 a 〉 , pyramidal 〈 c + a 〉
lips, and {10–12} extension twinning. The simulation results
ere validated by post-fracture EBSD analysis of the tensile

amples. Mechanical properties were evaluated through quasi-
tatic tensile tests conducted on a SHIMADZU machine at a
train rate of 1.5 × 10−3 s−1 . The mechanical properties of
ach sample were tested five times, with the standard devia-
ions calculated as error. 

.3. Electrochemical measurements and immersion tests 

In order to evaluate the electrochemical corrosion rate of
he TLX samples, electrochemical measurements were con-
ucted, using a three-electrode cell system (ModuLab XM,
metek, U.S.) in α-minimum essential medium ( α-MEM) at
7 ± 1 °C. The TLX alloy specimens with an exposed area of
.2827 cm2 were taken as working electrodes, with a Pt foil
s counter electrode and a saturated calomel electrode (SCE)
s reference electrode. Prior to each measurement, the alloy
urfaces were stabilized through 600-s open circuit potential
OCP) testing. Tests were performed using electrochemical
mpedance spectroscopy (EIS) with a sinusoidal amplitude of
0 mV over the frequency range of 105 to 10−2 Hz. Potentio-
ynamic polarization (PDP) tests were executed from −0.2 V
s. OCP to −1.1 V vs. SCE at a scan rate of 1 mV/s. EIS
ata were fitted using the ZSimpWin software with an equiva-
ent circuit. For Mg alloys, the electrochemical corrosion rate
 Pi , mm/year) can be calculated using the corrosion current
ensity ( icorr , mA/cm2 ) by the following equation [ 66 ]: 

i = 22. 85 · icorr (1) 

Early biodegradation behavior of the EX and ES samples
as investigated via in vitro immersion tests, where samples
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
ps:// doi.org/ 10.1016/ j.jma.2026.102000
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Fig. 1. Schematic of extrusion shearing process. 
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ere immersed in α-MEM at 37 ± 0.5 °C for 24 h with
 ratio of 1.25 cm2 /mL (sample area to solution volume).
he samples were cut into disks with a diameter of 10 mm
nd a thickness of 2 mm. After immersion, the samples were
ubmerged in a chromate solution (200 g/L CrO3 + 10 g/L
gNO3 ) for 10 min to remove corrosion products. Finally,

he samples were washed in anhydrous alcohol by ultrasonic
leaning and dried before weighing. The average biodegrada-
ion rates ( BR , mm/year) can be calculated in terms of the
eight loss method according to the following equation [ 67 ]:

R = 8 . 76 × 10 

4 × �W 

A × t × ρ
(2)

here �W is the weight loss in units of g, A (in cm2 ) is
he exposed surface area, t (in h) is the total immersion
ime, and ρ (in g/cm3 ) is the density of the alloy. All pro-
edures were replicated three times to verify repeatability,
nd the standard deviation was used as the margin of er-
or. Ion concentrations were measured by inductively coupled
lasma atomic emission spectrometry (ICP-AES). Surface
orphologies of the immersed samples were observed using a
hite light interferometer microscope (WLIM, Contour GTK,
ruker). 

.4. Cytotoxicity tests 

Referring to ISO 10993-12 [ 68 ], indirect cytotoxicity tests
ere performed using mouse osteoblast cells (MC3T3-E1) to

valuate the in vitro cytotoxicity of the TLX samples. Be-
ore the tests, the sterilized TLX samples were soaked in
-MEM at 37 °C for 24 h to prepare the sample extracts.
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
he ratio of sample surface area to α-MEM volume was 1.25
m2 /mL. MC3T3-E1 cells were seeded at a density of 2 × 104 

ells/mL and cultured for 24 h. Cells subsequently were in-
ubated with the sample extracts at varying concentrations
25% ∼100%) for 24 h and 72 h. Complete culture medium
as served as the negative control, while medium containing
0% dimethyl sulfoxide (DMSO) was regarded as the positive
ontrol. 

Cell viability ( CV ) was quantified using the Cell Counting
it-8 (CCK-8) assay, calculated as: 

V = [(
ODe − ODp 

)
/
(
ODn − ODp 

)] × 100% (3) 

here ODe , ODp , and ODn represent the optical density ( OD )
f the experimental group (cultured in the extracts), the pos-
tive and the negative control group, respectively. The cells
ultured with the sample extracts for 24 h were stained with
 mixture of calcein-acetoxymethyl (calcein-AM) and propid-
um iodide (PI). The cell morphologies were observed by an
nverted fluorescence microscope (Axio Vert.A1, ZEISS). 

.5. Alkaline phosphatase (ALP) tests 

After 4 days and 7 days of culture in 100% extract,
C3T3-E1 cells were stained using the BCIP/NBT alka-

ine phosphatase color development kit (Beyotime, Shang-
ai, China) and observed under a microscope (Zeiss Axiovert
00 M, Germany). For quantitative ALP activity analysis, the
LP testing kit (Jiancheng Bio-engineering Research Institute
f Nanjing, China) was employed, and the OD values were
easured at a wavelength of 520 nm using a multimode plate

eader (EnSpire, PerkinElmer, USA). 
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
ps:// doi.org/ 10.1016/ j.jma.2026.102000
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Fig. 2. Microstructure of the processed samples observed by OM on ED-ND plane: (a) EX sample; (b) ES sample. 
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. Results 

.1. Microstructures 

The OM images of the processed EX and ES samples are
hown in Fig. 1 , which displays the microstructure on the
D-ND plane. It can be observed that the microstructure mor-
hology and deformation uniformity are significantly affected
y the EX and ES processes. As shown in Fig. 2 a, the EX
ample primarily consists of elongated fibrous grains and fine
quiaxed grains. The elongated grains tend to be parallel to
D, with lengths even exceeding 500 μm. Statistical analy-
is reveals that the area fractions of elongated grains at the
eft/right edges of the EX sample are 18.4% and 20.1%, re-
pectively. In the center of the EX sample, the fraction of
hose grains increased to 25.2%, which indicates that the de-
ormation is nonuniform between the edge and the center of
he EX sample. The microstructure of the ES sample is shown
n Fig. 2 b. Under the combined extrusion and shear strain path
ECAP) during the ES process, more uniform grain refinement
as achieved. From the locally magnified microstructure at

he left edge of the ES sample in Fig. 2 b, it can be seen
hat the diameter of fine grains in this sample is < 5 μm.
lthough coarse grains still appear in the ES sample, their

ize is notably smaller ( ∼50 μm) than that of the elongated
rains in the EX sample. Moreover, these coarse grains in
he ES sample no longer exhibit a fibrous morphology and
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
re not parallel to ED. It is worth mentioning that the area
raction of coarse grains was also significantly reduced in the
S sample. The results reveal that the ES process benefits a
ore uniform refinement of the microstructure. Additionally,

umerous particles appear in both EX and ES samples; fur-
her comparative particle analyses were performed using SEM
nd TEM. 

Fig. 3 a and b present the EBSD inverse pole figure (IPF)
aps of EX and ES samples (accounting for > 3000 grains

ach). The corresponding grain size distribution and dy-
amic recrystallization (DRX) maps of EX and ES sam-
les were calculated by using ATEX software [ 69 ], shown in
ig. 3 c-e. The grains with internal disorientation angles < 2 °
ere classified as recrystallized (DRXed) grains. After be-

ng processed by the conventional EX process, the average
rain size (surface-weighed) of the EX sample is 11.1 μm
ith 75.3% DRXed grains. Unexpectedly, some abnormally

oarse grains in the EX sample were also classified as re-
rystallized grains due to the low internal disorientation. For
he ES sample, the average grain size is 4.9 μm, significantly
maller than that of the EX sample. However, the area frac-
ion of recrystallized grains is about 10% smaller under ES.
ig. 3 c shows that the area fraction of the grains with grain
ize smaller than 10 μm is higher in the ES sample, and it
xhibits a more uniform grain size distribution without un-
esired large grains ( > 20 μm). The disorientation distribu-
ions of EX and ES samples are illustrated in Fig. 3 f. In both
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
ps:// doi.org/ 10.1016/ j.jma.2026.102000
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Fig. 3. EBSD analysis: IPF maps of (a) EX sample and (b) ES sample; (c) grain size distribution; (d-e) dynamic recrystallization analysis (the DRXed grains 
are marked by red and the unDRXed grains in blue); (f) disorientation distribution (Mackenzie distribution in blue line for random disorientation distribution). 

Fig. 4. XRD patterns of the EX and ES samples. 
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X and ES samples, their disorientation distributions do not
onform to the Mackenzie distribution [ 70 ], which represents
andom disorientation of Mg alloy. 

Fig. 4 displays the XRD patterns of EX and ES samples.
revious studies [ 36 , 71 , 72 ] report that the addition of Sn and
i will promote the formation of Mg2 Sn and Li2 MgSn sec-
nd phases in Mg alloys. Due to their similar lattice constants
 72 ] (0.6759 and 0.6764, respectively), their diffraction peaks
hould overlap in XRD patterns. In the TLX alloy, 3.0 wt.%
n, 0.5 wt.% Li, and 0.2 wt.% Ca were added. The XRD
esults confirm that Mg2 Sn, Li2 MgSn, and CaMgSn precip-
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
tates are the possible main precipitates in both EX and ES
amples. 

In Fig. 5 , the micron-scale particles in the EX and ES sam-
les were characterized by SEM. Fig. 5 a and b illustrates the
istribution of particles on different cross-sections of the EX
nd ES samples. In the EX sample, particles are continuously
istributed along different mutually parallel straight lines that
re also parallel to ED. As shown in Fig. 5 b, the shear defor-
ation in the ES sample results in a multidirectional particle

istribution, where the particles are mainly distributed along
iscontinuous streamlines. In addition, the particle clustering
s more pronounced in the EX sample with more densely
paced particle lines, while the ES sample shows a more dis-
ersed particle distribution. In contrast to the uniform linear
lignment in the EX sample, the particles in the ES sample
xhibit a discontinuous, curvilinear distribution along multiple
rientations, with each trajectory inclined at a distinct angle
o the ED. This multi-oriented and morphologically varied
istribution of second phase particles is defined as a multi-
olarized distribution. Particles with three distinct morpholo-
ies were found in both the EX and ES samples: coarse par-
icles with elliptical shape (A), short rod-shaped particles (B),
nd small cubic particles (C). The quantity of B-type and C-
ype particles is much greater than that of A-type particles.
he EDS results of those particles reveal ( Table 1 ) that A-

ype particles could be Sn-rich or CaMgSn particles, while
oth B-type and C-type particles are typical Mg2 Sn precipi-
ates. Fig. 5 d presents the particle size distribution of the EX
nd samples on the ED-ND plane, obtained by Image-Pro Plus
oftware. To ensure statistical accuracy, three images per sam-
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
ps:// doi.org/ 10.1016/ j.jma.2026.102000
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Fig. 5. SEM morphologies of (a) EX sample and (b) ES sample, (c) EDS mapping and energy spectrum, (d) particle size distribution. 

Table 1 
Components analysis of the marked particles in Fig. 4 by EDS point scanning. The phase analysis was based on the XRD pattern in Fig. 3 . 

Sample Plane Point Mg (at%) Sn (at%) Ca (at%) Possible phase 

EX ND-TD A 25.4 74.6 / Sn-rich particles 
B 64.0 36.0 / Mg2 Sn 
C 70.5 29.5 / Mg2 Sn 

ED-ND A 36.6 34.6 28.8 CaMgSn 
B 70.2 29.8 / Mg2 Sn 
C 67.2 32.8 / Mg2 Sn 

ES ND-TD A 28.3 38.7 33.0 CaMgSn 
B 67.7 32.3 / Mg2 Sn 
C 61.5 38.5 / Mg2 Sn 

ED-ND A 50.9 42.3 6.8 Sn-rich particles 
B 71.4 28.6 / Mg2 Sn 
C 69.1 30.9 / Mg2 Sn 

Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductility-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
polarization of texture and second phases, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2026.102000
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Fig. 6. TEM bright field images of the (a-b) EX sample and (d-e) ES sample with pattern taken from the yellow dotted box. (c, f) The size distribution of 
nano precipitates. 
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le were analyzed, and particles smaller than 0.5 μm were
xcluded. The average diameters of the particles are 1.7 μm
nd 1.4 μm in the EX and ES samples, respectively. The
esults show that 84.8% of particles in the ES sample are
maller than 1.5 μm, while it is 80.2% in the EX sample.
EM and XRD results confirm that the predominant second-
hase particles in the deformed alloy are Mg2 Sn. 

Besides micron-scale particles, nano precipitates are also
ommonly formed in Mg-Sn alloys. As shown in Fig. 6 , nu-
erous nano precipitates are observed in TEM bright-field

mages in both EX and ES samples. In the EX sample,
pherical nano precipitates are mainly distributed within the
rains, with a few located at grain boundaries. The distribu-
ion of nano precipitates is relatively dispersed in both EX and
S samples. Nevertheless, the average diameter of the nano
recipitates in the ES sample is ∼45.3 nm, much smaller
han that of ∼91.4 nm in the EX example. According to the
iffraction pattern in Fig. 6 e, the nano precipitates are Mg2 Sn.

.2. Crystallographic texture 

The textures of the deformed samples are presented in
ig. 7 , by both pole figures (PFs) and inverse pole figures
IPFs). During EX deformation, the sample develops a typical
xtruded fiber texture of hexagonal metals (texture intensity
ndex: 4.1), with predominantly [10–10] oriented parallel to
D. A minority ( ∼17.5%) of grains have [2–1–10]//ED. 

For the ES sample, a multipolar texture with three distinct
0002} orientations is observed in the {0002} PF with max-
ma near ED, ND, and TD (center of the PF). It has been
eported by Benoit et al. [ 74 ] that various ideal shear texture
omponents (B, C1-C2, Y1-Y2, and P) could be introduced in
g alloy by applying ECAP deformation. In this study, two

ontinuous ECAP processes (route C) with a die angle of
05 ° were achieved following the extrusion. The ideal shear
exture components introduced by route C ECAP with this die
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
ngle are shown in Fig. 6 c. Compared with the ideal shear
exture components with the experimental results, it confirms
hat the main texture components in the ES sample are C1,
2, and P shear components. The texture intensity of the
S sample is 2.4, which is weaker than the EX sample. As
hown in Fig. 7 d and f, the 3D maps illustrated the textures of
he EX and ES samples based on the orientation distribution
unction (ODF), which were reconstructed using MATLAB.
he EX sample shows a continuous extrusion fiber texture,
here the Euler angles of the three main components in the
S sample were calculated to be C1 (115 °, 90 °, 0 ∼60 °), C2

175 °, 90 °, 0 ∼60 °), and P (150 °, 0 ∼90 °, 30 °). The c-axis
f grains related to C1, C2, and P components are 10 °∼40 °
lockwise rotated from ED, −15 °∼25 ° anticlockwise rotated
rom ND, and parallel to TD, respectively. The volume frac-
ions of C1, C2, and P components are 34.2%, 48.6%, and
6.3%, respectively. In the ES sample, there are also some
rains that have the c-axis parallel to ED (volume fraction of
.9%), which constitute the “C-texture” component [ 75 ]. As
eported in our previous study [ 44 ], in ES processed Mg al-
oys, the c-axis of grains is oriented within several distinct an-
ular ranges relative to the ED. This orientation characteristic
eads to the appearance of multiple texture components in pole
gures and/or inverse pole figures, which are widely spaced
ith relatively high intensity. Such a texture feature is defined

s texture multi-polarization. The textures in Fig. 6 demon-
trate that texture weakening and multi-polarization could be
chieved readily in ES-processed Mg alloy by introducing
imple shear strain. 

.3. Mechanical properties 

Fig. 8 a presents the tensile engineering stress-strain curves
f the EX and ES samples measured via the digital image
orrelation (DIC) technique. The corresponding yield strength
YS), ultimate tensile strength (UTS), and elongation to fail-
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
ps:// doi.org/ 10.1016/ j.jma.2026.102000
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Fig. 7. Orientation distributions within the (a) EX and (b) ES samples in {0002}, {10-10} PFs and IPFs of the ED axis and (c) ideal shear texture components 
of ECAP processed Mg (die angle of 105 °, 2 passes in route C) [ 73 ]. 3D ODF map of (d) EX sample and (f) ES sample. 
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re (EL) are summarized in Table 2 . The EX sample has
 YS and UTS of 209.9 MPa and 261.6 MPa, respectively,
ith an elongation of only 11.5% The ES sample shows bet-

er mechanical properties, with YS, UTS, and EL increasing
o 231.8 MPa, 304.2 MPa, and 14.3%, respectively. 

Fig. 8 b summarizes the mechanical properties of previ-
usly reported extruded Mg-Sn alloys [ 21 , 24 , 30 , 35–37 , 76–82 ]
ith comparable compositions to the present work, including
g-Sn binary alloys as well as ternary and quaternary Mg-Sn

ased alloys with total alloy content below 9 wt.% Among
hem, the extruded alloys with an alloy content larger than
 wt.% are marked with orange graphics, as shown in Fig. 8 b.
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
n Table 2 , the mechanical properties of the low-alloyed Mg-
n alloys (alloying addition < 4 wt.%) are evaluated together
ith their deformation conditions. These results demonstrate

hat the ES process affords a markedly strength-ductility bal-
nce in Mg-Sn-based alloys compared to conventional extru-
ion at equivalent strain levels and alloying contents. 

After tensile testing, the fracture morphologies and mi-
rostructures of the EX and ES samples were character-
zed using secondary electron (SE) and backscattered elec-
ron (BSE) images, as shown in Fig. 9 . As can be seen that
he EX sample exhibits brittle fracture characteristics with

ultiple cleavage planes observed in Fig. 9 a. In contrast, the
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
ps:// doi.org/ 10.1016/ j.jma.2026.102000
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Fig. 8. (a) Mechanical properties of the EX and ES samples; (b) comparison of the yield stress and elongation of extruded Mg-Sn based alloys with Refs 
[ 21 , 24 , 30 , 35–37 , 76–82 ]. 

Fig. 9. Fracture morphology and microstructure of the (a-c) EX and (d-f) ES samples after the tensile test: (a, c, d, f) SE; (b, e) BSE. 

Table 2 
Mechanical properties of the EX, ES samples and extruded low-alloyed ( < 4 wt.%) Mg-Sn based alloys from Refs [ 30 , 36 , 76 , 78 ]. 

Compositions (wt%) Extrusion 
temperature ( °C), 
speed (mm/s) 

Von-Mises 
equivalent strain 

YS (MPa) UTS (MPa) EL (%) 

Mg-3Sn-0.5Ca-0.2Li (ES) 300, 22.0 2.5 231.8 ± 3.5 304.2 ± 4.8 14.3 ± 0.5 
Mg-3Sn-0.5Ca-0.2Li (EX) 300, 22.0 2.8 209.9 ± 6.3 261.6 ± 5.3 11.5 ± 6.3 
Mg-3.6Sn [ 76 ] 300, 16.7 3.2 143.0 267.0 17.4 
Mg-2Sn-1Li [ 76 ] 250, 0.35 3.1 204.0 242.0 6.6 
Mg-2Sn-1.8Li [ 36 ] 250, 0.35 3.1 201.0 243.0 7.2 
Mg-2Sn-1Al-1Li [ 36 ] 250, 0.35 3.1 250.0 291.0 9.0 
Mg-2Sn-0.5Ca [ 30 ] 380, unreported 3.2 180.6 247.2 9.5 
Mg-3Sn-0.5Ca [ 30 ] 380, unreported 3.2 193.5 253.2 11.5 
Mg-1Sn-1Ca-0.5 Zn [ 78 ] 360, unreported 3.5 167.3 310.9 23.6 
Mg-1Sn-2Ca-0.5 Zn [ 78 ] 360, unreported 3.5 180.7 300.0 17.9 

Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductility-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
polarization of texture and second phases, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2026.102000
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Fig. 10. Electrochemical analyses of the ES and EX alloys: (a) Polarization curves; (b) Nyquist plots; (c) Bode phase and modulus plots; (d) Corresponding 
equivalent circuit model. 

Table 3 
Electrochemical parameters derived from polarization measurements. 

Samples Ecorr (V vs. SCE) icorr ( μA/cm2 ) Pi (mm/y) 

ES −1.61 ± 0.01 4.27 ± 0.24 0.10 ± 0.01 
EX −1.54 ± 0.01 5.61 ± 0.33 0.13 ± 0.01 
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n  
racture morphology of the ES sample displays ductile frac-
ure features, as evidenced by the abundant dimples visible in
ig. 9 d, with numerous precipitates located in these dimples
 Fig. 9 e). Notably, particle fragmentation is observed in the
imples of the ES sample ( Fig. 9 d) which is absent in the EX
ample. Fig. 9 c and f show the microstructure on the lateral
urfaces of the two samples after the tensile test. The results
ndicate that the clustered precipitates in the EX sample trig-
ered microcrack nucleation in the matrix, thereby impairing
he ductility of the alloy. In the ES sample, the dispersion of
icron particles does not promote crack formation. Instead,

he particles tend to fracture from within. 

.4. Electrochemical corrosion behavior 

Fig. 10 a shows the PDP curves of the EX and ES samples
ested in α-MEM. The corresponding electrochemical param-
ters are summarized in Table 3 . The ES sample exhibits a
ower corrosion current density ( icorr = 4.270 μA/cm2 ) com-
ared to the EX sample ( icorr = 5.641 μA/cm2 ). The calcu-
ated corrosion rates ( Pi values in Table 3 ) also indicate that
he ES sample exhibits enhanced corrosion resistance. Nyquist
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
lots ( Fig. 10 b) of the ES and EX samples both feature a
igh-frequency capacitive loop and a minor low-frequency in-
uctive loop. The larger diameter of the capacitive loop of the
S sample indicates superior corrosion resistance. This find-

ng is also supplemented by Bode plots ( Fig. 10 c), where
he ES sample exhibits slightly higher phase angle maxima
nd impedance modulus (|Z|), reaffirming its better corrosion
esistance. 

The Nyquist plots are fitted with an equivalent circuit
 Fig. 10 d), and the related fitted parameters are listed in
able 4 . The equivalent circuit incorporates Constant Phase
lements ( CPE ) to describe the non-ideal capacitive behav-

or, which consists of the following elements: solution resis-
ance ( Rs ), components related to the corrosion product layer
 Rf and CPEf ), charge transfer resistance ( Rct ), double-layer
apacitance ( CPEdl ), electrochemical inductance ( L ), and in-
uctive resistance ( RL ) [ 83 ]. L corresponds to an inductive
ehavior associated with localized film breakdown or inter-
ediate adsorption phenomena. The higher Rf and Rct values

f the ES sample indicate better corrosion resistance than the
X sample [ 84 ]. Low χ2 values demonstrate an excellent re-

iability of the fitting results. 

. Discussion 

.1. Dynamic recrystallization and texture evolution 

Compared to the EX sample, the ES sample exhibits a sig-
ificantly weaker texture with multipolar components (texture
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
ps:// doi.org/ 10.1016/ j.jma.2026.102000
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Table 4 
The EIS results fitted by the equivalent circuit. 

Rs ( �·cm2 ) CPEf Rf ( �·cm2 ) CPEdl Rct ( �·cm2 ) RL ( �·cm2 ) L (H ·cm−2 ) χ2 

Y0-f 

(sn ·�−1 ·cm−2 ) 
nf Y0-dl 

(sn ·�−1 ·cm−2 ) 
ndl 

ES 6.69 × 10 2.45 × 10−5 0.55 5.44 × 102 7.36 × 10−6 0.80 4.51 × 103 1.10 × 104 2.60 × 102 5.05 × 10−4 

EX 6.64 × 10 2.64 × 10−5 0.55 5.19 × 102 6.95 × 10−6 0.80 4.08 × 103 0.82 × 104 1.01 × 102 4.79 × 10−4 

Fig. 11. (a, d) DRXed grains in IPF maps of the EX and ES sample, the analyses of the selected areas 1–3 are presented in Fig. 12 ; (b, e) grain size 
distributions; (c, f) {0002} PFs and IPFs and related single c-orientations presented by color-dots. 
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ulti-polarization). Generally, the texture development dur-
ng hot deformation is strongly related to DRX in Mg alloys.
herefore, a comparative analysis of the differences in DRX
ehaviors between EX and ES samples could help to reveal
he mechanism for the texture multi-polarization in the ES
ample. Fig. 11 a and d show the IPF maps of DRXed grains
f the EX and ES samples. The related grain size distribu-
ions and textures are shown in Fig. 11 b and c and Fig. 11 e
nd f. 

The DRXed grains in the EX sample consist of fine grains
ith an average grain size of 2.9 μm and several abnormally

arge grains (average grain size of 34.1 μm, area fraction
f 19.6%). The grain boundaries of the large grains are sur-
ounded by numerous fine grains. Additionally, as can be seen
ithin Area 2 of Fig. 11 a, a fine-grained band of connected

ndividual grains formed. This phenomenon is consistent with
he characteristics of DRX induced by microshear bands [ 85 ].
uring the hot deformation, microshear bands could provide
ucleation sites for ultra-fine new grains, which significantly
romotes the grain refinement. The corresponding crystallo-
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
raphic textures of DRXed grains in the EX sample are repre-
ented by {0002} PFs, IPFs, and their individual orientations
single c-orientations), as shown in Fig. 11 c. The texture of
he recrystallized and abnormally grown grains of the EX
ample is comprised of two fibers along ED: [10-10] and
eak [2-1-10]. 
In contrast to the bimodal grain size distribution in the

X sample, the DRXed grains of the ES sample display an
nimodal distribution with an average grain size of 3.7 μm,
hich is comparable to that of the small grains in the EX

ample. The texture of the DRXed grains in the ES sample
s consistent with the multipolar textures of the entire sample
hown in Fig. 7 d, mainly composed of three shear texture
omponents with regard to the ECAP shear system: C1, C2,
nd P. As shown by the single c-orientations in the PF and
PF of Fig. 11 f, the C1 texture component corresponds to the
ed grains in the DRX map ( Fig. 11 d), while grains that form
he C2 and P texture are in blue or green. 

Three particular regions marked by white frames (Areas
–3) in Fig. 11 a and d are analyzed in more detail. Fig. 12
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
ps:// doi.org/ 10.1016/ j.jma.2026.102000
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Fig. 12. Analysis of DRX mechanism (a-b) RDRX and related GND distribution; (c) microshear bands in EX samples; (d) {0002} pole figures with projections 
of the selected grains in (a) and (c); (e, f) twinning-related grains in ES sample. 
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hows the selected regions of the IPF maps with a high mag-
ification. As shown in Fig. 12 a, a representative coarse grain
n the EX sample (Area 1) is redrawn with its adjacent fine
rains. In addition, the corresponding oriented hexagonal unit
ell of each grain is given in the map. By comparing the
rientation of the abnormally coarse grain with that of the
eighboring fine grains, it is evident that both grain fractions
elong to the same double extrusion fibers. The geometri-
ally necessary dislocation (GND) density of the abnormally
rown grains is much smaller than that of the smaller DRXed
rains ( Fig. 12 b). The result shows that dislocation motion
s concentrated at the grain boundaries of the coarse grains
nd within the surrounding fine grains during the deforma-
ion. This phenomenon indicates a rotational dynamic recrys-
allization (RDRX) mechanism [ 54 , 86 ]. During the RRDX,
 large number of dislocations are preferentially activated at
he grain boundaries of coarse grains. Then, the RDRX will
e completed with the sub-grain boundaries forming at the
rain boundary of the large grain and rotating to high-angle
rain boundaries. Once RDRX occurs, the large grain will be
ifficult to further refine because fewer dislocation motions
ould be activated within this coarse grain. Considering the
echanism of RDRX, it can also be recognized as a case of
DRX. The average grain size of the fine grains in Fig. 12 a

s about 2.9 μm. Although RDRX can introduce a signifi-
ant number of fine grains to reduce the average grain size of
he EX sample, it also exacerbates the nonuniformity of the

icrostructure. 
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
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Fig. 12 c shows fine grains formed by microshear bands in-
uced nucleation in the EX sample (Area 2), with an average
rain size of about 1.7 μm. Microshear band-induced DRX
s also a typical CDRX behavior [ 85 ]. Due to a higher degree
f deformation in the shear band, the grains formed by this
echanism are usually smaller, allowing for significant grain

efinement. In Fig. 12 a and c, several DRXed fine grains are
elected and their projections on the {0002} PFs are presented
n Fig. 12 d This demonstrates that the fine grains formed by
DRX mechanisms and microshear band-induced DRX in the
atrix belong to the same texture fibers. 
Fig. 12 e displays the local microstructure selected from

ig. 11 d of the ES sample (Area 3). The grain boundaries
f grains in Fig. 12 e were identified by the ATEX software;
ome grain boundaries were determined as {10–12} exten-
ion twin (ET) boundaries (marked in red line). It suggests
hat during the ES process, {10–12} ETs may have been acti-
ated to promote twinning-induced dynamic recrystallization
TDRX). To make a more accurate judgment of this inference,
he Euler angles of grains on either side of the twin bound-
ries in Fig. 12 e were calculated and listed in Table 5 , with
he corresponding disorientation angles. For the activation of
10–12} ETs, a ∼86.3 ° rotation should be introduced between
he Mg matrix and twinned areas. The disorientation angles
etween these grain pairs are approximately 81 °∼90 °, con-
istent with the misorientation of {10–12} ETs. This further
onfirms that TDRX is a possible dynamic recrystallization
echanism in the ES sample. New grains nucleated during
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
ps:// doi.org/ 10.1016/ j.jma.2026.102000
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Table 5 
Euler angles of grains marked in Fig. 10 e and disorientation angles of neighboring grains. 

Grains φ1 ( °) ϕ ( °) φ2 ( °) Disorientation 
angles ( °) 

30 2.5 145.9 40.7 89.98 
31 179.2 123.7 11.4 
32 8.5 108.5 40.9 81.68 
33 144.9 166.9 0.3 
34 115.5 80.9 33.2 83.14 
35 123.7 163.8 35.1 
36 86.1 167.6 56.7 90.04 
37 124.0 80.2 18.6 

Fig. 13. (a, d) unDRXed grains of the EX and ES sample, the LAGBs in the local enlarged maps are labeled with white lines; (b, e) disorientation evolution 
from point to initial point (L1-L4); (c, f) {0002} PFs and IPFs. 
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DRX exhibit significant orientation variations, which con-
ribute to the weakening of the shear texture. In the ECAP
rocess of Mg alloys, the development of C1 and C2 textures
s predominantly controlled by the activation of pyramidal
 c + a > slip system [ 73 ]. Furthermore, twinning activa-

ion has been proven to facilitate the initiation of pyrami-
al 〈 c + a 〉 slip [ 87 ]. Microstructural evidence of retained
10–12} twin boundaries in the ES sample demonstrates that
winning activation plays a pivotal role in developing the mul-
ipolar textures. 

By analyzing the sub-grain boundaries and disorientation
istributions in unrecrystallized (unDRXed) grains in the EX
nd ES samples, the differences in continuous dynamic re-
rystallization (CDRX) behavior between the two samples can
e revealed. As shown in Fig. 13 a and c, the unDRXed grains
n the EX sample have a relatively uniform orientation. The
10–10] axis of most of the elongated grains is parallel to ED.
nly a small fraction of grains is oriented with [2-1-10]//ED.
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
s shown in the enlarged local area of Fig. 13 a, low-angle
rain boundaries (LAGBs, < 15 °) are marked with white lines.
t is obvious that abundant LAGBs exist within the elongated
rains. These LAGBs extend from the grain edges into the in-
erior, but do not traverse the entire grain. Additionally, con-
idering the microstructure in Fig. 12 a, the elongated grains
re segmented into several new grains by microshear bands.
he disorientation evolution along trace lines L1 and L2 is
uantitatively analyzed for two unDRXed grains belonging to
ifferent fibers of the EX sample, as shown in Fig. 13 c.The
esults show that the two unDRXed grains exhibit a contin-
ous transformation of disorientation, which is evidence for
DRX. Notably, line L1 intersects several microshear bands,

esulting in a sharp drop in disorientation at these crossing
oints. However, this microshear-induced grain segmentation
hows negligible influence on the orientation of the deformed
atrix grains. In contrast, unDRXed and DRXed grains in the
S sample belong to the same shear components ( Fig. 13 d
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
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nd f). The local high-magnification observations in Fig. 13 d
eveal that LAGBs in the unDRXed grains of the ES sample
raverse almost across the entire grains. Quantitative analysis
n Fig. 13 e confirms that these well-developed LAGBs could
nduce substantial disorientation changes (up to 25 °) within
he matrix. 

Based on the analysis presented in Section 4.1 , the follow-
ng conclusions can be drawn: (1) In the EX sample, CDRX is
he primary mechanism for grain refinement. The DRXed fine
rains generated through CDRX maintained a strong crystal-
ographic relationship with the basal-oriented parent grains,
eading to typical extrusion fibers. (2) During the ES process,
he texture multi-polarization can be attributed to the strain
ath change from extension to shear. The imposed shear strain
eads to the formation of three crystallographically distinct
hear components of unDRXed grains and significantly pro-
otes the activation of deformation twinning. Subsequently,

rain refinement through CDRX and TDRX contributes to the
ormation of the multipolar textures and texture weakening. 

.2. Strength-ductility 

After being processed by ES, the TLX alloy exhibits better
echanical properties than the EX sample. The YS and EL of

he ES sample increased by 10.4% and 24.3% compared with
he values of the EX sample. The mechanical properties of
rought Mg are mainly influenced by solid solution elements,
rain size, precipitates, and crystallographic texture. In this
tudy, there are no changes in the alloying elements. 

.2.1. Grain refinement and precipitation 

Based on the Hall-Petch relationship [ 88 ], the contribution
f grain refinement to the YS of Mg alloy can be calculated:

1 = σ0 + ky d
−1 / 2 (4) 

Here, σ 0 is the yield stress of a magnesium single crystal,
y is the Hall-Petch slope, and d is the average grain size.
enerally, σ 0 and ky are influenced by grain size and texture

 88 ]. Due to the complex relationship between texture and
hese parameters, the Hall-Petch calculation in this study does
ot consider texture effects and only accounts for grain size.
he influence of texture on yield strength will be calculated
sing the VPSC modeling in Section 4.2.2 . 

For the EX sample, the average grain size of DRXed fine
rains is approximately 2.9 μm, while the average size of
oarse grains is 30.7 μm. Based on reports by Tianshui Zhou
t al. [ 22 ], the calculation parameters for small and large
rains in the EX sample are determined as σ 0 = 124 and
8 MPa, ky = 205 MPa and 507 MPa, respectively. The cal-
ulated contributions of fine grains and coarse grains to the
trength of the EX sample are 244.4 MPa and 169.5 MPa,
espectively. The grain size distribution in the ES sample is
ore uniform, with an average grain size of 4.9 μm. Using

he calculation parameters of fine grains in the EX sample,
he contribution of grain refinement to the strength of the ES
ample is about 216.6 MPa. The presence of numerous large
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
rains in the EX sample is the main factor limiting its yield
trength. In reality, the large grains in the EX sample are not
quiaxed. Their contribution to yield strength may be even
ower than the calculated value. 

In the EX and ES samples, the nano Mg2 Sn precipitates
ould have a significant strengthening effect on the YS. Gen-
rally, dispersed nano precipitates primarily strengthen the
aterial through the Orowan dislocation-precipitate bypass
echanism under tension. The contribution of nano precip-

tates can be calculated using Eq. (5) [ 22 , 89 ]: 

2 = MGb 

2πλ
√ 

1 − v 
ln

dp 

r0 
(5) 

here M is the Taylor factor (2.38), G represents the shear
odulus of Mg (17.2 GPa), and b is the magnitude of the
urgers vector (0.32 nm). The Poisson ratio υ is about 0.3. λ

s the effective planar interparticle spacing, and dp is the av-
rage diameter of the particles. r0 is the cut-off radius of the
islocation core (normally equal to b ). Based on the distribu-
ion of nano-sized precipitates shown in Fig. 6 , the average
izes of precipitate particles in the EX and ES samples are
1.5 nm and 45.3 nm, respectively, with an interparticle spac-
ng of approximately 400 nm. The calculated contributions of
ano precipitates to the YS of the EX and ES samples are
5.1 MPa and 30.8 MPa, respectively. The difference in pre-
ipitate strengthening between the two samples is negligible.
esides the nano precipitates, both EX and ES samples con-

ain numerous micron-sized particles. As shown in Fig. 9 c
nd f, the random distribution of microscale precipitates in
he ES sample is beneficial for the strength by preventing
bnormal localized stress concentration. 

.2.2. Effect of texture multi-polarization 

The EBSD results of the fractured EX and ES samples af-
er the tensile test are shown in Fig. 14 . The microstructure,
win boundary distribution, and the corresponding crystallo-
raphic texture are presented. As shown in Fig. 14 a and d, the
icrostructure morphologies of the EX and ES samples are
aintained, however, with obvious twinning activation. With

he high-magnification microstructure images in Fig. 14 b and
, the twin boundaries are highlighted with blue lines and
rawn in the corresponding band contrast (BC) maps. In the
X sample, only a few spindle-shaped twins appear in the
longated large grains, while the ES sample exhibits abun-
ant twin lamellas. Some grains in the ES sample even con-
ain multiple paralleled twins. After the tensile test, the length
raction of twin boundaries reaches 11.4% in the ES sample
 Fig. 14 e). Crystallographic analysis using ATEX software
dentifies these deformation twins as {10–12} ETs. In Mg
lloys, the {10–12} ET is the most easily activated twinning
ystem at room temperature due to the lower critical resolved
hear stress [ 90 ]. The activation of abundant twins improves
he ductility of the ES sample. For EX sample, the texture re-
ains the extrusion double fiber texture with a much stronger

10–10] fiber intensity ( Fig. 14 c) after fractured. However, as
hown in Fig. 14 f, the crystallographic texture of the fractured
S sample ( Fig. 14 f) has changed significantly compared to
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
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Fig. 14. EBSD results of fractured samples after tensile test: (a, d) IPF maps; (b, e) selected high-magnification maps with twin boundary distribution; (c, f) 
textures of fractured EX and ES samples. 
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he original texture in Fig. 7 . Although the texture still ex-
ibits three poles, the original C1 texture has disappeared.
he newly formed texture component, labeled RC1, is clock-
ise rotated 21 ° from the original C1 texture tilted towards
D. As shown in the {0002} PF, the intensities of the RC1

nd C2 textures are 2.3 and 9 m.r.d. In Fig. 14 d, the area frac-
ions of grains corresponding to the RC1, C2, and P texture
omponents are 10.5%, 75.9%, and 13.6%, respectively. The
exture evolution is towards the typical [10–10] tensile defor-
ation fiber texture of hexagonal metals. The ESBD results

reliminarily demonstrated that the improvement of texture
ulti-polarization on the ductility was achieved by promot-

ng the activation of twinning. 
In order to further reveal the effect of texture multi-

olarization on the deformation mechanisms, VPSC model-
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
ng was established to fit the true stress-strain curve as well
s simulate the consequent texture evolution of the ES sam-
le during the tensile test. The VPSC simulation employs the
oce-hardening model [ 11 ], which can be expressed with the

ollowing function: 

( �) = τ0 + ( τ1 + θ1 �) 

(
1 − exp 

(
−�θ0 

τ1 

))
(6) 

here τ 0 and θ0 are the initial yield stress and hardening
ate in the given slip system, and τ 1 and θ1 determine the
symptotic hardening rate. 

The Voce-hardening model considers the possible activa-
ion of basal slip, prismatic slip, pyramidal < c + a > slip, and
10–12} twinning at room temperature. For each deformation
echanism, the four hardening parameters required for the
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
ps:// doi.org/ 10.1016/ j.jma.2026.102000

https://doi.org/10.1016/j.jma.2026.102000


D. Han, Z. Li, Z. Shi et al. / Journal of Magnesium and Alloys xxx (xxxx) xxx 17 

ARTICLE IN PRESS 

JID: JMAA [m5+; February 26, 2026;15:30 ] 

Fig. 15. VPSC simulation of the ES sample under tension: (a) Experimental and simulated true strain-true stress curves; (b) relative activation of basal, 
prismatic, pyramidal slip and {10–12} twinning; (c) simulated texture at fracture strain. 

Table 6 
Hardening parameters of VPSC modeling (unit is MPa). 

Deformation mode τ 0 τ 1 θ0 θ1 

Basal < a > 95 90 4000 80 
Prismatic < a > 148 60 100 80 
Pyramidal < c + a > 170 90 600 70 
{10–12} twinning 100 40 600 50 
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oce hardening model are obtained by fitting the true stress-
train curve in Fig. 15 a. The hardening parameters used in this
tudy are detailed in Table 6 . For performing the VPSC simu-
ation, the grain orientation list of the ES sample is used as in-
ut data. It is obtained through ATEX software by discretizing
he initial EBSD texture of the ES sample ( Fig. 3 b) to 5000
rientations. 

As shown in Fig. 15 a, the strain-stress curve calculated
y VPSC is well fitted with the experimental one. The rela-
ive activation of slip and twinning systems of the ES sam-
le is presented in Fig. 15 b. The results indicate that slip
nd twinning are both immediately activated after yielding.
s tensile strain accumulates, the probabilities of twinning

nd prismatic slip activation gradually decrease, while basal
lip activation increases continuously. The relative activity
f 〈 c + a 〉 pyramidal slip firstly increases and then slowly
ecreases. At room temperature, non-basal slip is typically
ifficult to activate in Mg alloys during plastic deformation,
hich may be related to the activation of twinning in the early

tages of tension. At the fracture strain, the texture of the ES
ample was simulated and presented in Fig. 15 c. The sim-
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
lation results of texture evolution are well reproduced, and
he rotation angle of the C1 texture is also equal to 21 °. The
imulation results match the experimental results in Fig. 14 f,
urther validating the accuracy of the VPSC simulation
esults. 

For the ES sample, the individual texture components of
he multipolar texture can promote distinct activation of defor-

ation mechanisms during tensile straining. The contribution
f the individual texture components to the yield strength is
lso different. Therefore, the texture components of the ES
amples need to be separated and individually analyzed. By
onsidering the relationship between the c-axis of grains and
he ED/ND in the ES sample, grains corresponding to the C1,
2, and P texture components are successfully separated from

he EBSD data. These grain orientations are then discretized
nto 5000 orientation datasets for uniaxial tensile simulations.
he discretized textures and VPSC-calculated relative activi-

ies of slip and twinning under tension are shown in Fig. 16 a-
. For comparison, the dominant extrusion basal texture in the
X sample is similarly processed ( Fig. 16 d). The simulation

esults for single texture components reveal that the C1 tex-
ure promotes the activation of twinning and prismatic slip
t the initial stages of tensile deformation in the ES sample.
s tensile strain increases, the probability of twinning acti-
ation in C1-oriented grains decreases, while basal and pyra-
idal slip activation increases. During the tensile test, C1-

riented grains primarily undergo prismatic slip, with basal
lip becoming dominant as strain accumulates. The C2 tex-
ure maintains a basal slip activation probability of approx-
mately 0.55, with pyramidal slip activation around 0.4. For
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
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Fig. 16. VPSC simulation for the four individual texture components with relative activation of the different deformation mechanisms: (a) C1 texture; (b) C2 
texture; (c) P texture and (d) [10–10]//ED fiber texture. 
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he corresponding grains of the P texture component, their
pecific orientation favors both pyramidal 〈 c + a 〉 slip and
asal slip activation. In addition, as shown in Fig. 16 d, the
10–10] fiber texture component in the EX sample has a sim-
lar effect on deformation mechanisms as the C2 texture, but
ith a higher probability of basal slip activation compared to
yramidal 〈 c + a 〉 slip. Prismatic slip and twinning are rarely
ctivated in C2 and the conventional extrusion fiber. The cal-
ulated yield strengths for the C1, C2, P, and [10–10]//ED
exture components are 183.9 MPa, 246.1 MPa, 247.7 MPa,
nd 248.2 MPa, respectively. It can be concluded that the
1 texture component benefits the ductility of the ES sample

hrough twinning activation. The C2 and P texture compo-
ents guaranteed the yield stress through the activation of
asal and pyramidal slips. 

Fig. 17 shows the evolution of the C1 texture during tensile
eformation. When the applied von Mises equivalent strain
eaches 0.03 in the VPSC simulation, the texture of the al-
oy remains almost unchanged. At this stage, the activation
robabilities of basal slip, 〈 c + a 〉 slip, and twinning are
qual, shown in Fig. 16 a. This indicates that the texture evo-
ution in the ES sample is not primarily driven by twinning
r non-basal slip in the early stages during tension. When
he simulated strain exceeds 0.08, the increased activation of
asal slip takes the response for the rotation of C1 texture,
ventually forming the RC1 texture. 
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
.3. Biodegradation mechanism 

The immersion tests in α-MEM were conducted to explore
he biodegradation mechanism optimization in the ES sam-
le. Table 7 presents the biodegradation rates of ES and EX
amples along with the ion concentrations in their extracts.
he biodegradation rate of the ES sample is only ∼68.2% of

he ES sample, which aligns with the ratios of Mg2 + , Sn2 + ,
nd Li+ ion concentrations between their extracts. The Volta
otential difference (VPD) of the CaMgSn phase is approxi-
ately 150 ∼170 mV higher than that of the Mg matrix [ 91 ],

hereby hampering the release of Ca2 + ions. Furthermore, the
eleased Ca2 + ions can form insoluble precipitates by reacting
ith phosphate salts in the α-MEM medium [ 92 ], leading to

heir negligible concentration variations. 
Fig. 18 a and b show the surface morphologies of the EX

nd the ES samples after removal of corrosion products. The
X sample shows more distinct pitting corrosion, whereas the
S sample exhibits a more uniform corrosion morphology.
rom the WLIM topographies, the dark blue areas indicate

hat the measured regions are > 25 μm below the reference
lane (0 μm), while the red areas represent regions that pro-
rude approximately 10 ∼25 μm above the reference plane.
he corrosion surface of the EX sample exhibits extensive

ed areas and more than six dark blue points, indicating that
ts inferior corrosion resistance resulted in numerous deep pits
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
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Fig. 17. C1 texture evolution with increasing tensile strain under VPSC simulation. 

Table 7 
Biodegradation rates and ion concentrations in 100% extracts. 

Samples biodegradation 
rates (mm/y) 

Ion concentrations (mg/L) 

Mg2 + Sn2 + Li+ Ca2 + 

ES 4.43 ± 0.40 176.62 ± 6.11 0.17 ± 0.02 1.12 ± 0.18 43.59 ± 3.57 
EX 6.50 ± 2.38 243.02 ± 17.20 0.35 ± 0.04 1.70 ± 0.24 37.01 ± 3.35 
α-MEM —— 14.38 ± 1.82 0.00 ± 0.00 0.00 ± 0.00 49.44 ± 1.54 
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nd surface protrusions after immersion. In contrast, the ES
ample shows neither pits deeper than 25 μm or pronounced
urface protrusions. As shown in Fig. 18 c and d, the maxi-
um corrosion depth in the EX sample (43.31 μm) is 2.79

imes that of the ES sample (15.53 μm). The EX specimen
lso exhibits a higher surface roughness (Sa = 3.47 μm) than
hat of the ES sample (Sa = 1.14 μm). This can be attributed
o the non-linear distribution of second phases in the ES sam-
le compared with the EX sample. As shown in the SEM
mages and the related biodegradation mechanism maps of
ig. 18 e and f, the micro-galvanic is significantly reduced on

he corrosion surface of the ES sample. Moreover, the ES
ample shows a multipolar second-phase distribution. The re-
ulting multidirectional and discontinuous streamlines of par-
icles effectively impede the propagation of micro-galvanic
orrosion along the ED. These results demonstrate that the
ulti-polarization of second-phase particles takes the main

esponsibility for the improvement of biodegradation resis-
ance. In addition, the corrosion resistance of Mg alloys is
lso related to crystallographic planes. In the EX sample, the
10–10} extrusion fiber component is dominated, most {10–
0} prismatic planes are oriented nearly parallel to the sample
urface (i.e., the corrosion plane) under the immersion test.
Please cite this article as: D. Han, Z. Li, Z. Shi et al., Achieving strength-ductil
polarization of texture and second phases, Journal of Magnesium and Alloys, htt
owever, in grains with the C1 texture of the ES sample, the
asal planes are rotated approximately 24 ° toward the cor-
osion plane, bringing the {1–217} planes nearly parallel to
he surface. The corresponding crystal orientation schemat-
cs of the {10–10} extrusion fiber and the C1 component are
resented in Fig. 18 e and f, where the {0001} basal, {10–
0} prismatic, and {1–217} planes are indicated. Previous
tudies [ 42 , 43 ] have reported that the basal plane exhibits su-
erior corrosion resistance compared to the prismatic plane.
t can be speculated that the {1–217} planes are also more
orrosion-resistant. 

.4. Biocompatibility and osteogenic ability 

Figs. 19 a and 19 b present cell viability (CV) values of
C3T3-E1 cells cultured for 1 day and 3 days in 25% ∼100%

oncentration extracts, respectively. The CV values in all
he extract concentrations exceed 75% and approach or sur-
ass 100%, indicating that both the EX and the ES samples
eet the non-toxicity criteria according to the ISO 10993-5

tandard [ 68 ]. Fig. 19 c shows live/dead staining images of
C3T3-E1 cells incubated in the extracts. The cells retain

ypical polygonal or spindle morphologies with prominent
ity-biodegradation synergy in a low-alloyed Mg-Sn-Li-Ca alloy via multi- 
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Fig. 18. (a, b) WLIM topographies and (c, d) depth profiles of immersed (a, c) EX and (b, d) ES samples after removal of corrosion products; the colors in 
WLIM maps show the height of the surface. Schematic of the biodegradation mechanism: (e) EX and (f) ES samples. (g, h) schematic of crystal orientations 
of {10–10} extrusion fiber and C1 texture components. 
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seudopodia, reflecting maintained cell viability throughout
he culture. There is no significant difference in cell den-
ities between all the experimental groups and the negative
ontrol group. Dead cells are only observed in the positive
ontrol group. These results validate the superior biocompat-
bility of the TLX alloys (both EX and ES samples), which
an also demonstrate their potential as orthopedic biomateri-
ls. 

ALP is an early marker of osteoblast differentiation.
ig. 20 a presents ALP staining results of MC3T3-E1 cells
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ultured with 100% extracts for 4 and 7 days, and deeper
urple staining indicates stronger ALP expression. After cul-
ivation for 4 and 7 days, ALP expression levels in TLX (both
X and ES) groups are higher than that in the control group
 α-MEM). Quantitative analysis of ALP activity ( Fig. 19 b)
eveals that ALP activities in EX and ES show no significant
ifference and are consistently higher than the control group
t both 4 and 7 days. These results indicate that 100% concen-
ration extracts from the TLX alloys promote the osteogenic
otential of MC3T3-E1 cells. 
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Fig. 19. Cell viability of MC3T3-E1 cells after incubation in 25% ∼100% concentration extracts for (a) 1 day and (b) 3 days. (c) Live/dead staining images 
after 1-day incubation. (∗denotes p < 0.05, ∗∗denotes p < 0.01). 

Fig. 20. MC3T3-E1 cells: (A) ALP staining results, (B) ALP activity. 
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. Conclusion 

Adopting the strategy of coordinated optimization of the
icrostructure and texture, a low-alloyed Mg-Sn-Li-Ca alloy

TLX) with multipolar texture and second-phase distribution
as successfully processed by the extrusion shearing process

ES). Compared with the conventional extrusion (EX) pro-
ess under the same strain level, the ES samples show higher
trength, ductility, better corrosion resistance, and balanced
iocompatibility. The formation of texture multi-polarization,
trengthening mechanisms, and improvement of biodegrada-
ion resistance were systematically revealed. The main find-
ngs are as follows: 

(1) After being processed by EX or ES, the average grain
size of the TLX alloy was refined to 11.1 μm and
4.9 μm, respectively. In both EX and ES samples, abun-
dant Mg2 Sn and CaMgSn precipitates exist. Due to the
extra ECAP process, the ES sample shows a multi-
polarization of precipitate distribution with a slightly
smaller particle size. In contrast to the conventional ex-
trusion fiber texture of the EX sample, the ES sample
shows a multipolar texture consisting of three shear tex-
ture components (C1, C2, and P) due to the activation
of the pyramidal slip systems at the early stage of de-
formation. 

(2) The tensile yield strength, ultimate tensile stress, and
elongation of the ES sample are 231.8 MPa, 304.2 MPa,
and 14.3%, which are improved by 10.4%, 16.3% and
24.3% compared to the EX sample, respectively. Based
on the simulation results by using visco-plastic self-
consistent modeling and the experimental microstruc-
ture evolution under tension, the contribution of in-
dividual texture components in the ES sample to
strength and ductility is revealed. The C1 texture ben-
efits the ductility by promoting the {10–12} twin-
ning, while C2 and P texture components contribute
to the high yield strength. The better strength-ductility
synergy of the ES sample is achieved by the more
uniform microstructure refinement and texture multi-
polarization. 

(3) Under the electrochemical corrosion and biological per-
formance tests, the ES sample exhibits better corrosion
resistance, lower biodegradation rate and the enhanced
osteogenic capability. The multidirectional precipitation
distribution impedes the micro-galvanic corrosion prop-
agation along the particles in the ES sample, and the C1
texture component orients the basal planes more parallel
to the sample surface. 

(4) Through the coupled effects of grain refinement, tex-
ture and second-phase multi-polarization, the ES pro-
cessed TLX alloy achieves a balanced improvement in
strength, ductility, and biodegradation. This provides
an effective microstructural design strategy for man-
ufacturing high-performance biodegradable Mg alloy
rods. 
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