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Abstract

Magnesium alloys’ poor corrosion resistance limits their applications as biodegradable
bone repair materials. Alloying tailors Mg alloys’ microstructure and properties. The pre-
sent study investigates the effect of 2 wt.% Ag addition on the microstructure and initial
corrosion behavior of hot-rolled Mg-1Ca alloy. Mg-1Ca and Mg-1Ca-2Ag alloys were pre-
pared by melting using Mg—-2Ca and Mg-4Ag master alloys, followed by homogenization
at 400 °C for 2 h, hot rolling, and stress-relief annealing at 400 °C for 6 h. The alloys were
systematically characterized using field-emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), electron backscatter diffraction (EBSD), and X-
ray diffraction (XRD). Initial corrosion behavior was evaluated via 3 h immersion tests in
simulated body fluid (SBF). Results reveal Ag’s high thermal diffusivity promotes segre-
gation at tensile twin boundaries, forming AgsMg nanoparticles. These nanoparticles hin-
der grain boundary migration and, with increased deformation, facilitate grain rotation
and high-angle grain boundary formation, weakening texture. Internal stress accumula-
tion near twin boundaries—driven by grain orientation variation and nanoparticles—in-
duces ~86° rotation of {10-12} tensile twins around the c-axis, forming double twins. Dur-
ing corrosion, nanoparticles and double twins synergistically promote dense protective
film formation, significantly reducing corrosion rates.

Keywords: Mg-1Ca-2Ag alloy; Ag addition; AgsMg nanoparticles; double twins;
microstructure; corrosion behavior

1. Introduction

As a class of lightweight metallic materials, magnesium (Mg) and its alloys possess
a series of advantageous properties, including low material cost, low density, and high
specific strength, which render them highly attractive for applications in aerospace engi-
neering [1], electronic devices [2], and biomedical fields [3]. In particular, magnesium-
based alloys have recently attracted extensive attention as promising candidates for bio-
degradable bone implant materials. This interest primarily stems from their unique com-
bination of physical and biological characteristics, such as density and elastic modulus
close to those of natural human bone, as well as their ability to undergo gradual
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degradation in vivo without generating toxic or harmful byproducts [4]. These features
enable magnesium alloys to effectively reduce stress shielding effects while eliminating
the need for secondary surgical removal after implantation. Despite these advantages, the
practical application of Mg-based alloys in bone tissue engineering is still severely re-
stricted by their intrinsically high electrochemical activity. The large electrochemical po-
tential difference between magnesium and physiological environments often results in
excessively rapid corrosion and uncontrolled degradation rates, leading to premature loss
of mechanical integrity before sufficient bone regeneration occurs. Consequently, the
rapid degradation behavior of magnesium alloys remains one of the most critical bottle-
necks limiting their clinical application in biodegradable bone repair. Therefore, enhanc-
ing the corrosion resistance of magnesium alloys while maintaining their biodegradability
and biocompatibility has become a key research focus in the field of biodegradable metal-
lic materials.

Previous studies have demonstrated that microstructural refinement and controlled
precipitation of secondary phases are effective strategies for improving the corrosion re-
sistance of Mg-based alloys. These improvements can be achieved through a combination
of microalloying and thermomechanical processing. With respect to microalloying [5-7],
the selection of alloying elements must not only improve mechanical and corrosion prop-
erties but also strictly comply with biosafety requirements for biodegradable implant ma-
terials. To date, alloying elements such as zinc (Zn) [5], calcium (Ca) [6-10], lithium (Li)
[11], and silver (Ag) [12-19] have been extensively investigated. Among these elements,
Zn, Ca, and Li are characterized by low atomic weight and favorable biological functions,
including participation in cellular signaling and bone metabolism [20]. In contrast, Ag is
well known for its excellent antibacterial activity, which can be imparted to Mg alloys
through the sustained release of Ag*ions, thereby effectively inhibiting bacterial adhesion
and proliferation on implant surfaces. In addition to alloying strategies, plastic defor-
mation processing plays a crucial role in tailoring the microstructure and corrosion be-
havior of magnesium alloys [21]. Grain refinement strengthens via Hall-Petch and pro-
motes uniform corrosion by increasing boundary barriers to pitting. Deformation-induced
features hinder diffusion, enabling nanoscale precipitates that enhance both mechanics
and corrosion. Examples include refined Mg-Zn-Ca via forging [22] and Ag/Li/Zn-al-
loyed Mg with antibacterial benefits [23]. Ca, abundant in bone, aids biosafety, osteoblast
activity, and regeneration [6-10]; combined with Ag’s antibacterial action, Mg-Ca-Ag
systems show strong orthopedic potential.

The base alloy selected is Mg—1Ca, as ~1 wt.% Ca optimally refines grains, minimizes
excessive Mg>Ca phases (which accelerate corrosion at higher contents), ensures biosafety,
and promotes bone regeneration via Ca’s role in osteogenesis [6-10], literature consensus
on <1-1.3 wt.% Ca optimal. Hot rolling was chosen to achieve uniform refinement, dislo-
cation/twin introduction, and controlled precipitation for balanced properties. Adding 2
wt.% Ag justifies strong antibacterial Ag* release, refined precipitates for corrosion/me-
chanical gains, and biosafety (sufficient without excessive toxicity seen at higher Ag) [12-
19], common in Ag-Mg studies for balance. Prior Mg-Ca—Ag work emphasizes mechan-
ics/strengthening [24-25], with limited focus on Ag-driven corrosion mechanisms. This
study addresses Ag-induced evolution during hot rolling in Mg-1Ca. Notably, the pre-
cipitation of AgsMg nanoparticles at twin boundaries and their promotion of double twin
formation in Mg—Ca—Ag remain rarely reported, offering novel insights into microstruc-
tural control for enhanced performance in biodegradable bone repair.
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2. Materials and Methods

The flowchart of alloy preparation is shown in Figure 1. The Mg-1Ca-2Ag (wt.%)
alloy was fabricated by melting Mg—2Ca and Mg—4Ag master alloys in equal mass pro-
portions using a resistance furnace (Carbolite Gero, Neuhausen, Germany) under a pro-
tective Ar/SFe atmosphere. The melting temperature was set to 800 °C and maintained for
10 min to ensure adequate mixing and chemical homogeneity of the molten alloy. Subse-
quently, the melt was cast into a preheated steel mold to obtain as-cast ingots. The solidi-
fied ingots were then machined into rectangular specimens with dimensions of 25 mm x
15 mm x 50 mm. To minimize elemental segregation and enhance compositional uni-
formity, the machined specimens were subjected to a homogenization heat treatment at
400 °C for 2 h prior to deformation. Hot rolling was carried out at 450 °C, during which
each rolling pass imposed an approximate thickness reduction of 5%, resulting in a total
deformation of 45%. Immediately after the final rolling pass, the samples were quenched
in water to retain the deformed microstructure. Subsequently, a stress-relief annealing
treatment was performed at 400 °C for 6 h to alleviate residual stresses introduced during
the rolling process and to promote microstructural stabilization. Meanwhile, the as-cast
ingots were first subjected to a homogenization treatment at 400 °C for 2 h, followed by
water quenching. This temperature was selected as it is sufficiently high to promote dif-
fusion of alloying elements (Ca and Ag) and partial dissolution/redistribution of the eu-
tectic Mg2Ca phase, thereby reducing compositional segregation without approaching the
eutectic temperature (~517 °C in the Mg-Ca binary system) that could cause incipient melt-
ing. Subsequently, after multi-pass hot rolling, a stress-relief annealing was performed at
the same temperature of 400 °C but for a longer duration of 6 h. The identical temperature
ensures process consistency and microstructural stability, while the extended holding
time facilitates effective recovery (dislocation rearrangement and annihilation) and alle-
viation of rolling-induced residual stresses without triggering excessive recrystallization
or significant grain coarsening, which is critical for retaining the deformation texture and
precipitation potential in the Mg-Ca-Ag system. This parameter selection is commonly
adopted in Mg-Ca-based alloys to balance homogenization efficiency, stress relief, and
avoidance of undesirable phase transformations or over-aging. Microstructural character-
ization was conducted using scanning electron microscopy (SEM) (ZEISS Sigma 500,
Oberkochen, Germany) equipped with an energy-dispersive X-ray spectroscopy (EDS)
(ZEISS Sigma 500, Oberkochen, Germany) system, operating at an accelerating voltage of
15 kV. Transmission electron microscopy (TEM) (FEI Helios NanoLab, Hillsboro, OR,
USA) specimens were prepared by mechanical grinding followed by focused ion beam
(FIB) milling to obtain electron-transparent foils suitable for high-resolution observation.
The corrosion behavior of the alloy was evaluated by immersion tests conducted in simu-
lated body fluid (SBF) under static conditions. The specimens were immersed for a dura-
tion of 3 h, during which hydrogen evolution was continuously monitored and recorded
at 10 min intervals to quantify the corrosion kinetics. After immersion, the surface mor-
phology and three-dimensional surface profiles of the corroded specimens were examined
using SEM and optical profilometry(Bruker ContourGT, Billerica, MA, USA), enabling a
detailed assessment of corrosion characteristics and pit morphology.
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Figure 1. Schematic diagram of the magnesium alloy preparation process.

3. Results and Discussion

Figure 2 illustrates the effect of Ag addition on the microstructural evolution of the Mg—
1Ca alloy in both the as-cast and hot-rolled conditions. In the as-cast state, the microstructure
of the Mg-1Ca alloy is composed primarily of an a-Mg matrix accompanied by a continuous,
network-like distribution of coarse secondary precipitates. Upon the addition of Ag, the over-
all phase constitution remains essentially unchanged; however, a noticeable refinement in
grain size can be observed, as shown in Figure 2a,c. This indicates that Ag addition slightly
suppresses grain growth during solidification without introducing new phases. X-ray diffrac-
tion (XRD) phase analysis, as presented in Figure 2i, further confirms that the matrix phase in
both alloys is a-Mg, while the network-distributed coarse precipitates are identified as MgzCa.
These results are consistent with those reported in previous studies [22], confirming that Ag
does not alter the primary phase formation behavior in the as-cast Mg—Ca system. After hot
rolling, significant changes in deformation microstructures are observed. In the hot-rolled
Mg-1Ca alloy, a large number of elongated {10-12} tensile twins are generated, as shown in
Figure 2e, indicating that tensile twinning serves as the dominant deformation mechanism
under the applied rolling conditions. In contrast, the hot-rolled Mg-1Ca—2Ag alloy exhibits
not only tensile twins but also a considerable fraction of thicker double twins, as illustrated in
Figure 2g. This suggests that Ag addition markedly influences the activation of twinning
modes during plastic deformation. More importantly, a high density of fine nanoscale precip-
itates is observed in the vicinity of twin boundaries in the Mg-1Ca—2Ag alloy after rolling
(Figure 2h). The preferential formation of these nanoscale phases near twin interfaces implies
that twin boundaries act as effective nucleation sites for precipitate formation. This phenome-
non can be attributed to the combined effects of Ag addition and thermomechanical defor-
mation, which promote localized solute segregation and dynamic precipitation, as further ev-
idenced in Figure 2b,d,f. To quantitatively assess the influence of Ag on the twinning behavior
during hot rolling, electron backscatter diffraction (EBSD) analysis was conducted, as shown
in Figure 2j—m. The EBSD results clearly reveal that Ag addition significantly alters the twin-
ning characteristics. Specifically, the area fraction of tensile twins decreases sharply from 42.7%
in the Mg-1Ca alloy to 11.5% in the Mg-1Ca-2Ag alloy, whereas the fraction of double twins
increases dramatically from 1.02% to 19.2%. The combined effects of increased crystallo-
graphic orientation variation and the presence of nanoscale AgsMg particles along internal
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As-cast Mg-1Ca

HR Mg-1Ca

twin boundaries give rise to localized stress concentrations around the {10-12} twin interfaces.
These internal stresses provide the driving force for further reorientation, facilitating the nu-
cleation of secondary {10-12} twins on different variants and ultimately triggering the for-
mation of {10-12}-{10-12} double twins. The characteristic lattice reorientation associated with
each {10-12} tensile twinning event is approximately 86° (precisely 86.3° for Mg). This value
can be geometrically determined as follows: In hcp magnesium, the {10-12} twinning plane
forms an angle of approximately 43.15° with the basal (0001) plane. Since {10-12} twinning
approximates a mirror reflection across the twinning plane (with minor adjustments due to
atomic shuffles required to restore the lattice), the c-axis in the twinned region is reoriented by
approximately twice this dihedral angle, i.e., ~86.3°, relative to the parent c-axis. The precise
angle is calculated based on the c/a ratio of Mg (1.6236), yielding a misorientation of 86.3°
about the <11-20> axis. This substantial reorientation places the primary twin in a crystallo-
graphically favorable position for secondary twinning under continued deformation and local
stress accumulation induced by the pinning effect of AgsMg nanoparticles. Correspondingly,
this shift in twinning mode leads to pronounced changes in crystallographic orientation and
texture evolution. The texture intensity decreases from 2.36 to 2.04 after Ag addition, indicat-
ing that Ag slightly weakens the basal texture of the hot-rolled Mg-1Ca alloy. Such texture
weakening is expected to influence both mechanical anisotropy and subsequent corrosion be-
havior, thereby playing a critical role in the overall performance of the alloy.
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Figure 2. (a,b) FESEM images of as-cast Mg-1Ca alloy; (c,d) FESEM images of as-cast Mg-1Ca-2Ag
alloy; (e,f) FESEM images of hot-rolled Mg-1Ca alloy; (g h) FESEM images of hot-rolled Mg-1Ca-
2Ag alloy; (i) XRD spectra of Mg-1Ca and Mg-1Ca-2Ag alloys; (j, k) Grain orientation maps and twin
type distribution of hot-rolled Mg-1Ca alloy; (I,m) Grain orientation maps and twin type distribu-
tion of hot-rolled Mg-1Ca-2Ag alloy.

https://doi.org/10.3390/met16020218



Metals 2026, 16, 218

6 of 12

Based on the field emission scanning electron microscopy (FESEM) observations
shown in Figure 2g, and further corroborated by transmission electron microscopy (TEM)
analysis, the phase composition of the nanoscale precipitates distributed near twin bound-
aries in the hot-rolled Mg-1Ca-2Ag alloy was systematically investigated. As illustrated
in the TEM bright-field image in Figure 3a, a large number of particle-like nanoscale pre-
cipitates can be clearly observed in close proximity to the twin boundaries, indicating a
strong spatial correlation between twin interfaces and precipitate formation. Energy-dis-
persive X-ray spectroscopy (EDS) elemental mapping results, presented in Figures 3c—e,
reveal that these nanoscale precipitates are predominantly enriched in Ag and Mg, while
no significant Ca enrichment is detected. This elemental distribution suggests that the pre-
cipitates are Ag-Mg-based intermetallic compounds rather than Ca-containing phases. To
further identify the crystal structure of these nanoprecipitates, high-resolution TEM
(HRTEM) images were analyzed using fast Fourier transform (FFT) techniques with Dig-
ital Micrograph (DM) software (DM3.0), as shown in Figure 3f,g. Silver exhibits limited
solid solubility in solid magnesium. According to the assessed Mg-Ag binary phase dia-
gram, the maximum solid solubility of Ag in a-Mg is approximately 15.5 wt.% at the eu-
tectic temperature of 472 °C, but decreases sharply to nearly negligible values at lower
temperatures [26,27]. Given the low Ag content (2 wt.%) in the present alloy, which is well
below the maximum solubility at elevated temperatures, no additional Ag-containing
phases were detected by XRD in the as-cast condition, indicating that Ag is primarily re-
tained in solid solution or forms precipitates below the XRD detection limit. However,
during hot rolling, the high thermal diffusivity of Ag promotes its segregation to defor-
mation-induced twin boundaries, leading to dynamic precipitation of nanoscale AgsMg
intermetallic particles, as confirmed by TEM and HRTEM (Figure 3). Although various
intermetallic compounds (e.g., AgsMg, Mg:Ag, MgsAg, MgAg, AgMgs) have been re-
ported in the Mg-Ag system [28-31], the precipitates observed here under the specific low-
Ag and thermomechanical conditions are unambiguously identified as the AgsMg phase,
with an interplanar spacing of ~0.110 nm corresponding to the (318) plane. This result
confirms that the nanoscale precipitates formed near the twin boundaries are AgsMg in-
termetallic compounds. The formation mechanism of the AgsMg phase can be primarily
attributed to the substantially higher thermal diffusion coefficient of Ag atoms relative to
Ca atoms in the a-Mg matrix [32]. During the hot rolling process, {10-12} tensile twins are
first activated and generated within the grains, as shown in Figure 2e,g. According to pre-
vious studies [21], twin boundaries act as effective barriers to long-range solute diffusion.
Consequently, Ag atoms migrating during hot deformation tend to accumulate preferen-
tially near these twin boundaries. The localized enrichment of Ag, combined with the el-
evated temperature and strain-induced defects during hot rolling, provides favorable
thermodynamic and kinetic conditions for the nucleation and growth of AgsMg nanopar-
ticles. As a result, finely dispersed AgsMg precipitates form preferentially along twin
boundaries, as schematically and experimentally evidenced in Figure 3a.
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Figure 3. Phase distribution and TEM analysis of hot-rolled Mg-1Ca-2Ag alloy: (a) Twins and na-
noscale precipitates in hot-rolled Mg-1Ca-2Ag; (b—e) TEM images and EDS elemental maps of na-

noscale precipitates; (f,g) Lattice spacing of nanoscale particles.

The formation of AgsMg nanoparticles in the vicinity of {10-12} tensile twin bound-
aries plays a critical role in promoting the transformation of tensile twins into double
twins during subsequent plastic deformation, as schematically illustrated in Figure 4. Spe-
cifically, the precipitation of AgsMg nanoparticles near twin boundaries effectively im-
pedes boundary migration by exerting a pinning effect, thereby restricting the growth and
stability of pre-existing tensile twins. As plastic deformation progresses, grain rotation
becomes increasingly pronounced, facilitating the formation of a high density of high-
angle grain boundaries. This process enhances crystallographic orientation diversity
within the microstructure and leads to a gradual reduction in texture intensity, as evi-
denced by the EBSD results shown in Figure 2j,1. The weakened basal texture reflects a
more randomized orientation distribution, which is closely associated with the altered
deformation mechanisms induced by Ag addition. Furthermore, the combined effects of
increased crystallographic orientation variation and the presence of nanoscale AgsMg par-
ticles along internal twin boundaries give rise to localized stress concentrations around
the {10-12} twin interfaces. These internal stresses provide the driving force for the reori-
entation of tensile twins. As a result, the {10-12} tensile twins undergo a rotation of ap-
proximately 86° about the grain c-axis, ultimately triggering the formation of {10-12}-{10-
12} double twins, in accordance with the crystallographic characteristics of double twin-
ning in Mg alloys [33]. This twinning transformation mechanism provides a clear expla-
nation for the distinct differences in twin distribution observed between the two alloys.
As shown in Figure 2k,m, the hot-rolled Mg-1Ca alloy is dominated by a high fraction of
tensile twins and contains only a limited number of double twins. In contrast, the hot-
rolled Mg-1Ca-2Ag alloy exhibits a significantly reduced tensile twin fraction accompa-
nied by a markedly increased population of double twins. These observations confirm
that the synergistic effects of Ag addition and AgsMg nanoprecipitation fundamentally
modify the twinning behavior and deformation pathways of the Mg—Ca alloy during hot
rolling.
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Figure 4. Schematic diagram of the effect of AgsMg nanoscale particles on twin formation and grain

orientation evolution during deformation in hot-rolled Mg-1Ca-2Ag.

The influence of AgsMg nanoparticles and double twins, formed during the hot rolling
process, on the corrosion behavior of the alloys is illustrated in Figure 5h,j. First, the hot-rolled
Mg-1Ca alloy exhibits a markedly higher hydrogen evolution rate when immersed in simu-
lated body fluid (SBF), indicating a significantly faster corrosion rate compared to that of the
hot-rolled Mg-1Ca-2Ag alloy, as shown in Figure 5g. This result clearly demonstrates that Ag
addition effectively suppresses the corrosion kinetics of the Mg—Ca alloy system. Second, anal-
ysis of the surface corrosion morphology, as shown in Figure 5a—f, reveals substantial differ-
ences in corrosion characteristics between the two alloys. For the hot-rolled Mg-1Ca alloy, the
corrosion products are distributed in a highly non-uniform manner across the surface (Figure
5a). Severe localized corrosion is observed, accompanied by the formation of deep corrosion
pits with depths exceeding 80 um (Figure 5c). Such localized pitting corrosion is detrimental
to the structural integrity of biodegradable implants, as it can lead to premature mechanical
failure. In contrast, the hot-rolled Mg—1Ca—2Ag alloy exhibits significantly enhanced corrosion
resistance. The presence of {10-12} double twins promotes a more homogeneous microstruc-
tural configuration with increased grain boundary density, which facilitates the formation of
a more uniform and continuous corrosion product layer on the alloy surface (Figure 5d). This
uniform corrosion behavior effectively mitigates localized corrosion attack. More importantly,
during the corrosion process, the corrosion product film formed in the vicinity of Ag:Mg na-
noparticles plays a crucial role in inhibiting the vertical propagation of corrosion pits. The lo-
cally dense and adherent corrosion product layer surrounding the AgsMg precipitates acts as
a physical barrier, limiting the penetration of corrosive media into the matrix. As a result, the
maximum corrosion pit depth in the Mg-1Ca—2Ag alloy is reduced to approximately 35 um
(Figure 5f), which is less than half of that observed in the Ag-free alloy. In summary, the intro-
duction of Ag into the Mg—1Ca alloy promotes the formation of double twins during hot roll-
ing, leading to an increased density of grain and twin boundaries and, consequently, en-
hanced corrosion uniformity. Simultaneously, the presence of AgsMg nanoparticles contrib-
utes to the formation of a more protective corrosion product film that effectively suppresses
localized pitting corrosion. In addition, the introduction of noble metal elements (e.g., Ag) into
Mg alloys leads to the formation of secondary phases (such as AgsMg or MgsAgiy) with an
electrochemical potential higher than that of the a-Mg matrix. Theoretically, this can establish
a galvanic couple, where Ag-containing nanoprecipitates act as cathodes, promoting acceler-
ated dissolution of the Mg matrix and potentially influencing the corrosion rate and localized
corrosion tendency. However, the intensity of the electrochemical effect is highly dependent
on the size, distribution, and volume fraction of the secondary phases. When the secondary
phases exist as highly dispersed nanoparticles, the cathode area is significantly smaller than
the anode area. This results in a substantial reduction in the electrochemical current density,
leading to only a weak acceleration effect. Conversely, fine particles tend to promote a more
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HR Mg-1Ca-2Ag

uniform distribution of corrosion, avoiding the severe localized pitting often induced by
coarse secondary phases. Furthermore, Ag may undergo re-deposition or dealloying during
corrosion, releasing Ag*ions that provide antibacterial activity without significantly compro-
mising the overall degradation profile. In this study, the design of AgsMg nanoparticles aims
to leverage their potential for strengthening and functional benefits while minimizing the neg-
ative impact of the electrochemical effect through nanoscale control. The uniform corrosion
morphology and the formation of a protective Ca-P/Mg(OH). layer observed in immersion
tests indicate that the electrochemical effect did not lead to adverse localized acceleration [34—
35]. The synergistic effects of microstructural refinement, twin-induced texture modification,
and nanoprecipitate-assisted corrosion inhibition collectively result in a significant improve-

ment in the overall corrosion resistance of the Mg-1Ca—Ag alloy system [23].
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Figure 5. Morphological characterization of alloys after 3 h immersion in simulated body fluid (SBF): (a)
SEM micrograph showing corrosion morphology of HR Mg-1Ca alloy; (b) EDS elemental mapping of
HR Mg-1Ca alloy; (c) 3D topographic profile of corroded HR Mg-1Ca alloy surface; (d) SEM micrograph
of corroded HR Mg-1Ca-2Ag alloy; (e) EDS elemental mapping of HR Mg-1Ca-2Ag alloy; (f) 3D surface
topography of corroded HR Mg-1Ca-2Ag alloy; (g) Corrosion rate comparison between HR Mg-1Ca and
HR Mg-1Ca-2Ag alloys; (h) Schematic representation of corrosion mechanism in HR Mg-1Ca alloy; (i)

Schematic representation of corrosion mechanism in HR Mg-1Ca-2Ag alloy.
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4. Conclusions

In this study, the introduction of Ag into a Mg-1Ca alloy and its subsequent plastic
deformation via hot rolling were employed to systematically investigate the microstructural
evolution and corrosion behavior of the alloy. Based on experimental results, the following
conclusions were drawn: Firstly, upon the addition of Ag, the as-cast microstructure of the
alloy remained consistent with the Mg-1Ca alloy, comprising Mg>Ca and a-Mg phases. Sec-
ondly, during the hot rolling process, the relatively high thermal diffusivity of Ag atoms led
to their enrichment at the tensile twin boundaries, where they combined with Mg to form
AgsMg nanoparticles. The precipitation of AgsMg nanoparticles near the twin boundaries
inhibited grain boundary migration. As deformation progressed, grain rotation facilitated
the formation of a significant number of high-angle grain boundaries, which resulted in an
increase in the crystallographic orientations and a reduction in texture strength. Further-
more, the increased number of grain orientations, combined with the presence of nanopar-
ticles near the twin boundaries, induced internal stresses, which caused the {10-12} tensile
twins to rotate approximately 86° around the c-axis, ultimately leading to the formation of
double twins. Finally, during corrosion, the synergistic effect of the nanoparticles and dou-
ble twins facilitated the formation of a dense protective film, effectively reducing the corro-
sion rate and enhancing the overall corrosion resistance of the alloy.
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