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A B S T R A C T

This work explores Mg-Zn-Ca material, with novel grain size achieved through equal channel angular pressing 
(ECAP). Experimental studies indicate that the mechanical properties of the ECAP-treated alloy have been 
significantly improved compared to those of the initial alloys. Finite element analysis (FEA) was employed to 
simulate the process, confirming that the characteristic high-shear-strain bands responsible for grain refinement 
were successfully induced. The formation of MgCaSi and Ca2Mg6Zn3 phases helped to improve the corrosion 
resistance behaviour of both heat-treated and ECAP-processed alloys. While its overall corrosion resistance was 
similar to that of the heat-treated alloy, the ECAP-processed alloy showed enhanced resistance to pitting 
corrosion. This improvement is due to a more uniform protective layer as corrosion product, microstructure 
homogenization, and finer grains produced during the ECAP process. The protective layers in phosphate-buffered 
saline (PBS) solution, primarily consisting of phosphates and carbonates, were analyzed using X-ray photo
electron spectroscopy (XPS). These findings suggest that the Mg-Zn-Ca alloy processed by ECAP is a promising 
candidate for biomedical application due to its superior mechanical and corrosion-resistant properties.

1. Introduction

Traditional metallic biomaterials, such as titanium alloys, cobalt- 
based alloys, and stainless steels, are widely utilized in load-bearing 
orthopedic applications due to their robust mechanical strength and 
fatigue resistance [1–3]. However, these traditional implants present 
notable clinical drawbacks; their non-degradable nature necessitates 
secondary surgical procedures for implant removal, while long-term 
implantation risks the release of toxic metal ions into surrounding tis
sues [4–6]. To address these critical issues, magnesium-based materials 
have recently emerged as highly promising bioresorbable alternatives 
[7,8]. Because Mg-based implants safely degrade in vivo, they eliminate 
the need for subsequent extractions, significantly reducing both patient 
stress and healthcare expenses [9–11].

Recently, the utilization of magnesium and its alloys has been 
preferred for orthopedic implants in comparison to degradable and 

permanent polymers, permanent ceramics and other permanent metals. 
Its low density, combined with an elastic modulus close to that of natural 
bone, reduces stress shielding and mechanical mismatch, which sup
ports better physiological load transfer and implant integration [12,13]. 
Another major advantage of magnesium is that it is an essential element 
in the human body, where it supports key metabolic processes. Conse
quently, its degradation products are well tolerated and can be safely 
metabolized or excreted, enhancing overall biocompatibility [14]. 
However, magnesium alloys, when used as biomaterials, have several 
shortcomings. Biodegradable medical devices require sustained struc
tural integrity throughout the tissue regeneration phase. Unfortunately, 
magnesium's susceptibility to rapid corrosion often compromises the 
implant's load-bearing capacity before the recovery is finalized [15]. 
The high susceptibility to pitting corrosion and rapid degradation of 
magnesium can be attributed to its low standard electrode potential 
[16–19]. Furthermore, a critical byproduct of this corrosion process is 
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the rapid evolution of hydrogen gas, and the accumulation of H2 in the 
body can lead to serious clinical problems. To prevent the risks of sub
cutaneous emphysema and localized pH elevation, hydrogen must be 
discharged in a timely manner [16,17]. Therefore, it is crucial to design 
a magnesium material that exhibits low and homogeneous degradation 
while retaining its mechanical integrity throughout the healing process 
to enhance its service life in the human body.

Several methods were used to improve the corrosion resistance and 
biocompatibility of Mg and its alloys [20–27]. Recent advancements 
have shifted attention towards innovative severe plastic deformation 
methods, including high-pressure torsion, equal channel angular press
ing (ECAP), accumulative roll bonding, hard-plate rolling, and asym
metric cross-rolling. These techniques aim to produce Mg materials with 
ultra-fine grain structures, leading to an exceptional balance of strength, 
degradability and ductility [28–30]. However, the degradability of 
Mg-alloys depends significantly on the MgO layer; the stronger and more 
stable MgO layer acts as a barrier against a corrosive environment [31]. 
The effectiveness of this layer is affected by various microstructural 
parameters, such as grain size, phase distribution, presence of alloying 
elements and the composition of the surrounding medium. Several 
studies reported that grain refinement can influence corrosion resis
tance, as finer grain can create a more homogeneous and compact 
passivation layer compared to coarser grain [32–34]. One of the most 
well-known methods for producing significantly finer grains is ECAP 
[35]. This process introduces a severe amount of plastic strain, which 
leads to substantial grain refinement and a subsequent increase in ma
terial strength, as described by the Hall-Petch relationship [36]. This 
strengthening is beneficial for improving fatigue performance, as the 
introduction of dislocations during ECAP processing enhances material 
strength. Fine-grained areas exhibit superior mechanical properties and 
typically demonstrate better corrosion resistance. However, it is 
important to note that these fine-grained materials may also be more 
susceptible to the initiation of corrosion processes. This susceptibility 
arises from galvanic corrosion effects, where coarse-grained areas, 
possessing a higher corrosion potential, can accelerate corrosion in the 
adjacent fine-grained regions. Additionally, dislocation density plays a 
critical role in corrosion behavior. Regions with higher dislocation 
density become anodic relative to those with lower density which can 
reduce overall corrosion resistance [37]. The presence and distribution 
of secondary phase particles also significantly affect corrosion. For 
instance, MgZn2 acts as cathodes relative to the anodic magnesium 

matrix, this galvanic coupling accelerates the breakdown of the matrix 
immediately surrounding the phase interface [38,39]. Overall, both 
microstructural features and phase distribution are critical in deter
mining the degradation of magnesium alloys.

To address these limitations, the authors synthesized a micro-alloyed 
magnesium alloy, novel grain size achieved through the grain refine
ment of the heat-treated alloy through ECAP. A comprehensive micro
structural study comparing ECAP and Mg-alloy was conducted to 
examine the influence of microstructure on the corrosion resistance and 
biodegradability of magnesium alloys. Mechanical tests were conducted 
to investigate the mechanical behavior and performance characteristics 
of the material. A three-dimensional finite element model of a single 
ECAP pass was developed in Abaqus/Explicit to simulate the deforma
tion behavior of the alloy at elevated temperatures. Additionally, the 
time-dependent corrosion behavior was analyzed to investigate the 
relationship between grain size, alloying elements, and corrosion over 
time in both ECAP-processed and magnesium (Mg) materials. Chemical 
analyses were also performed to identify the corrosion products, which 
are essential for understanding the alloy's biocompatibility.

2. Materials and methods

2.1. Alloy preparation

As shown in Fig. 1, the experimental alloy was synthesized via the 
direct-chill casting technique, utilizing high-purity elemental pre
cursors: Mg 99.95 wt% (Magnesium Elektron Ltd., UK), Zn 99.99 wt% 
(Wilhelm Grillo Handelsgesellschaft mbH, Germany), and Ca 99.51 wt% 
(Alfa Aesar GmbH & Co KG, Germany). During the process, the molten 
mixture was maintained at a temperature of 720 ◦C in an Ar-SF6 pro
tective environment before being cast into steel molds for the permanent 
direct chill casting method. The alloy melt was subsequently poured into 
boron nitride-coated steel molds, which were pre-heated to 680 ◦C. 
Rapid solidification was achieved through water quenching, resulting in 
180 mm long and 65 mm diameter cylindrical casting ingots. To ho
mogenize the microstructure, the as-cast ingots underwent solution 
annealing at 450 ◦C for 16 h followed by a water quench at room tem
perature. Inductively coupled plasma-optical emission spectroscopy 
(ICP-OES) and spark-optical emission spectroscopy (S-OES) were 
employed to verify the elemental composition. Because both techniques 
yielded highly consistent results, only the ICP-OES data are presented in 

Fig. 1. Mg-0.52Zn-0.23Ca alloy production flow diagram.
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Table 1. The presence of Si has been detected around 180 ppm; it might 
come from raw material during casting process.

2.2. Equal channel angular pressing (ECAP)

Wire Electrical Discharge Machining (WEDM) (using a Mitsubishi 
FA10S) was employed to machine the ECAP samples into square cross- 
sections with dimensions 10 mm × 10 mm × 80 mm. These samples 
were prepared from a solution-annealed ingot. After the WEDM process, 
the specimens were ground and polished using a Struers Labopol-25 to 
remove any cutting marks and ensure clean specimen surfaces for sub
sequent analysis. A mixture of graphite powder and molybdenum di
sulfide grease was applied to the specimens prior to the experiment to 
provide lubrication. The die utilized for the experiment is a three-piece 
split die housed in a square channel with a cross-section of 10 mm × 10 
mm. The angle between the channels is 90◦ and the external curvature is 
0◦. The die is made up of high-strength tool steel, and the inlet and outlet 
channels have nearly the same dimensions. An INSTRON 100 kN UTM 
equipped with a heating chamber was used to apply pressure on the 
plunger, and a thermocouple was placed in the die to measure the 
temperature. Four passes were performed using Route Bc of ECAP, in 
which the billet is rotated by 90◦ in the same direction after each pass to 
promote a uniform and equiaxed ultrafine-grained microstructure, at a 
processing temperature of 290 ◦C.

2.3. Finite element modelling (FEM)

A three-dimensional (3D) finite element model of a single ECAP pass 
was developed using Abaqus/Explicit to simulate the deformation 
behaviour of a magnesium alloy at elevated temperatures. Because 
magnesium alloys exhibit a substantial loss of strength at elevated 
temperatures, even below 200 ◦C, the effect of temperature must be 
considered in the numerical analysis. However, fully coupled thermo- 
mechanical simulations are computationally demanding. Therefore, 
certain simplifications were introduced. In the experimental work, the 
ECAP process was conducted at 290 ◦C. Consequently, stress–strain 
curves obtained from compression tests (supporting information 
(Figure SF1)) at this temperature were implemented in the model.

An isothermal condition was assumed because the entire ECAP 
process was performed in a heated chamber, ensuring uniform initial 
temperatures of the billet, die, and punch. To mathematically justify this 
assumption prior to numerical modelling, the theoretical maximum 
adiabatic temperature rise (ΔT) was estimated. Based on the classical 
analytical model for an ECAP die geometry with a 90◦ channel angle, the 
theoretical equivalent plastic strain for a single pass is approximately 
1.15. The necessary material flow behaviour at 290 ◦C was obtained by 
interpolating the experimental compression test data (provided in Sup
plementary Figure SF1). Using the interpolated flow stress (~120 MPa), 
the theoretical plastic work is approximately 138 MJ/m3. Employing the 
Taylor-Quinney coefficient (β = 0.9), material density (ρ = 1710 kg/ 
m3), and an appropriate specific heat capacity for magnesium at 
elevated temperatures (Cp ≈ 1050 J/(kg⋅K)), the theoretical adiabatic 

rise is approximately 69.2 ◦C. However, this purely theoretical worst- 
case scenario assumes zero heat transfer. In reality, the low experi
mental punch speed of 0.1 mm/s implies a very low strain rate. At this 
velocity, the internal heat generated by plastic work has sufficient time 
to dissipate into the massive, pre-heated high-strength tool steel die, 
mitigating the potential for significant localized temperature increases. 
Finite element simulations of ECAP performed at comparable pressing 
speeds confirm that the actual temperature increase is extremely small. 
For example, Pei et al. [40] reported that when the pressing speed de
creases from 18 mm/s to 0.18 mm/s, the peak temperature rise drops 
from approximately 44 K to only about 1 K due to enhanced heat 
dissipation. Therefore, under the even lower pressing speed used in the 
present study, the temperature rise can be considered negligible.

During the experiments, a mixture of graphite powder and molyb
denum disulfide grease was applied to provide effective lubrication, a 
combination proven to significantly enhance frictional efficiency in 
metal forming operations [41]. Consequently, a low friction coefficient 
of μ = 0.04 was adopted in the simulations. This value accurately reflects 
realistic boundary conditions, as experimental ring compression tests 
confirm that effective solid lubrication reduces the friction coefficient to 
a range of 0.03–0.07 [42], a trend consistent with detailed friction an
alyses specific to the ECAP process [43].

To maintain good mesh quality despite the severe plastic deforma
tion inherent to the ECAP process, the Arbitrary Lagrangian-Eulerian 
(ALE) adaptive meshing technique was applied to the entire billet vol
ume. This is a standard and necessary approach supported by recent 3D 
FEM studies of magnesium alloys in the ECAP process, where ALE is 
successfully employed at identical low punch speeds (0.1 mm/s) to 
maintain mesh integrity and calculation accuracy under extremely high 
shear strains [44]. The assembly used in the model is shown in Fig. 2
below.

In the numerical model, the punch was defined as an analytical rigid 
surface, while the die was modelled as a discrete rigid shell body meshed 
with R3D4 (A 4-node 3-D bilinear rigid quadrilateral) elements. The 
billet was discretized using 7800C3D8R (8-node linear brick, reduced 
integration, hourglass control) solid elements. To reduce computational 
effort, symmetry along the Z-plane was utilized, modelling only half of 
the billet's thickness. The billet dimensions were 80 mm × 10 mm × 10 
mm, while the die featured a square channel with a 10 mm × 10 mm 
cross-section. The channels intersect at an angle of 90◦, and the outer 
curvature of the die corner was rounded to a radius of 2.5 mm to 
improve numerical stability and prevent mesh distortion.

Boundary conditions included fixing the die (Encastre) and allowing 

Table 1 
Chemical composition of studied Mg-alloy.

Element (wt. %)

Zn 0.52 ± 0.02
Ca 0.23 ± 0.02
Mn 0.0213 ± 0.0005
Si 0.0185 ± 0.0004
Al 0.0043 ± 0.0005
Fe 0.0023 ± 0.0006
Cu <0.0003
Ni <0.0003
Be <0.0003
Mg Bal.

Fig. 2. Assembly of the ECAP set-up.
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the punch to move only along the Y-direction. Surface-to-surface contact 
was specified between the billet and both the punch and the die, with 
finite sliding formulation. A penalty contact method was employed with 
the specified friction coefficient. The material properties applied in the 
numerical model are summarized in Table 2.

2.4. Characterizations

2.4.1. Mechanical
Flat tensile specimens for the tensile tests were machined from the 

initial annealed material and the ECAP-processed sample using wire 
electrical discharge machining (WEDM). The tests were performed with 
a crosshead speed of 8 μm/s, because the stage does not maintain a 
constant strain rate. The specimens had a 3 mm gauge length, gauge 
width of 2 mm and thickness of 2 mm, overall length of 50 mm, grip 
length of 10 mm, and grip width of 10 mm. Tensile tests were conducted 
by using a Kammrath & Weiss tensile and compression module (5 kN) on 
both the annealed and ECAPed samples. The tensile test specimens 
(three samples from each series) were placed in the tensile module. 
Additionally, a digital imaging correlation (DIC) setup with the KW 
stage and the Istra4D software interface was utilized. During these tests, 
the DIC Q-400 system by Dantec Dynamics was employed to observe the 
strain distribution during the tensile test.

2.4.2. Microstructural
The microstructural analysis including scanning electron microscopy 

(SEM) along with backscattered electrons for imaging and diffraction 
(EBSD) were carried out using a Keyence VHX-7000 digital microscope, 
and a high-resolution FEI Nova NanoSEM scanning electron microscope, 
which is equipped with a field emission gun and an EDAX system. The 
chemical composition of the corrosion products was analyzed by X-ray 
photoelectron spectroscopy (XPS) using a PHI VersaProbe II system with 
monochromatic Al Kα radiation (1486.6 eV) focused on a 100 μm spot. 
The take-off angle of photoelectron was set as 45o, and the analyzer pass 
energy was set to 117.50 eV for survey scans and 46.95 eV for high- 
resolution measurements. To maintain a consistent surface potential 
across samples with varying conductivity, a dual beam charge 
compensation technique was applied, involving 7 eV Ar+ ions and 1 eV 
electrons. All XPS spectra were referenced to the C 1s peak of unfunc
tionalized saturated carbon (C–C) at 285.0 eV. The operating pressure 
within the analytical chamber was kept below 3 × 10− 9 mbar. Decon
volution of the spectra was carried out using PHI MultiPak software 
(version 9.9.3), with the Shirley method employed for background 
subtraction. To further study the phases of the alloy, the X-ray diffrac
tion study was conducted with a Bruker D8 Advance eco powder X-ray 
diffractometer using CuKα radiation (λ = 1.5418 Å), at a scanning rate of 
2◦ per minute over a 2θ range of 10◦ to 70◦.

2.5. Corrosion measurements

Electrochemical tests were carried out in 100 mL of Phosphate- 
Buffered Saline (PBS) solution (Sigma-Aldrich Chemie GmbH, Ger
many) containing 0.01 M phosphate buffered saline (0.138 M NaCl; 
0.0027 M KCl) at pH 7.4 and 37 ◦C, utilizing a three-electrode cell 
configuration with a Gamry 600 Potentiostat/Galvanostat. The working 
electrode used was a magnesium alloy, while a platinum mesh was 
utilized as the counter electrode, and for the reference electrode an Ag/ 
AgCl (3 M KCl) electrode was used. All samples were encased in a silicon 
rubber sheath, exposing a working surface area of 0.785 cm2. The testing 

apparatus was housed within a Faraday cage to reduce electromagnetic 
interference. Electrochemical Impedance Spectroscopy (EIS) tests were 
carried out over a frequency range of 10− 2 Hz to 105 Hz, with an 
amplitude of 10 mV at OCP after a prefixed immersion time (i.e., 1, 6, 
and 12 h). The data were analyzed using ZSimpWin software and fitted 
to an appropriate equivalent circuit. For Potentiodynamic polarization 
curves, tests were executed after the EIS measurement (e.g., immersion 
time 12 h) at a scan rate of 1 mV/s, from − 200 mV vs. OCP to the anodic 
direction and stopped at an applied potential of +300 mV vs. OCP or 
after a sharp increase in the current. The icorr (corrosion current density), 
Ecorr (corrosion potential), βc (cathodic Tafel slope), and βa (anodic Tafel 
slope) were determined using Tafel extrapolation.

3. Results and discussion

3.1. Microstructural analysis

3.1.1. Heat-treated (HT) alloy
The presence of zinc (Zn) and calcium (Ca) as alloying elements, 

along with Si and Mn contaminants, can enhance corrosion resistance. 
Zn and Ca also facilitate the formation of high electrochemical potential 
phases, such as Ca2Mg6Zn3. Literature indicates that maintaining a 
constant calcium presence of 0.2 wt% while varying zinc content be
tween 0.4 wt% and 1.8 wt% enhances corrosion resistance. Micro- 
alloyed Mg-Zn-Ca systems exhibit α-Mg grains and strip-shaped phases 
of Ca2Mg6Zn3 and Mg2Ca at the grain boundaries, with a higher Zn/Ca 
ratio promoting the formation of these phases [47–50]. The SEM mi
crographs of the HT-alloy reveal a dendritic microstructure with 
Zn-bearing intermetallic phases localized at the grain boundaries, as 
depicted in Fig. 3(a) and Fig. S2. The occurrence of Zn segregation, 
consistent with previous observations [51], is evident in Fig. 3(a). 
Furthermore, backscattered electron (BSE) imaging highlights these 
intermetallics as brighter regions due to atomic number (Z) contrast 
(Fig. 3(b)). Point EDS analysis (Fig. 3(c)) reveals an elemental compo
sition enriched in Ca, Mg, and Zn, suggesting the formation of a ternary 
Ca/Mg/Zn phase. Similarly, the EDS spectra presented in Fig. 3(d, e) 
indicates localized concentrations of Mg, Ca, and Si, which is consistent 
with the presence of MgCaSi phases. The intermetallic compounds are 
not formed by Mn and Mg; instead, Mn exists only in its elemental form 
[52,53]. Therefore, the intermetallic phases arise from the low solubility 
of silicon in the Mg matrix [26,54]. The presence of Mn has a negligible 
refinement effect on the alloy because it does not promote any nucle
ation during the solidification process [52]. In the initial material, which 
contains Si and trace amounts of Fe (measured at 0.0023 wt% via 
ICP-OES, Table 1), Si is highly prone to combining with Fe to precipitate 
highly cathodic FeSi intermetallic phases. Because the FeSi phase ex
hibits stronger cathodic activity than pure Fe or Mg2Si, it severely ac
celerates the micro-galvanic corrosion of the α-Mg matrix. However, the 
introduction of Ca fundamentally alters this precipitation sequence. 
Calcium exhibits a stronger thermodynamic affinity for Si than Fe does 
[55,56], acting as a preferential solute sink during solidification. Spe
cifically, the formation enthalpy (ΔH) of the ternary MgCaSi phase is 
reported to be − 137.95 kJ/mol (− 0.48 eV/atom), which is significantly 
more negative than the − 65.32 kJ/mol reported for the binary FeSi 
intermetallic [57,58]. Consequently, the addition of Ca effectively sup
presses the precipitation of the hazardous FeSi phase by consuming the 
available Si to form the more thermodynamically stable MgCaSi com
pound. This microstructural transition preventing the formation of 
highly cathodic Fe-Si particles in favor of stable MgCaSi mitigates the 
severe micro-galvanic acceleration and significantly enhances the 
overall corrosion resistance of the HT-alloy [59]. The MgCaSi phase 
[60], resembles the Ca2Mg6Zn3 phase; however, the MgCaSi phases are 
elongated or spherical in shape and are distributed within grains along 
the grain boundaries as shown in Fig. 3 and SF2.

The average grain size of the annealed alloy is ~235 μm in transverse 
and ~213 μm in the longitudinal direction as shown in Fig. 4. The large 

Table 2 
Properties used in simulation for magnesium alloy [45,46].

Density [g/cm3] 1.71
Poisson's ratio 0.35
Young's Modulus [GPa] 45
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grain size indicates that the strain distribution during the tensile test of 
the initial material is non-uniform due to its microstructure, caused by 
the relatively small cross-section of the samples. The observed twins in 
the microstructure may result from deformation during specimen 
preparation, as magnesium is highly sensitive to minor deformations. 
Analysis of the corresponding stereographic pole figures suggests that 

the initial annealed alloy exhibits a highly random texture. Additionally, 
the IPF (inverse pole figure) maps reveal a heterogeneous grain size 
distribution, with a notable presence of both fine and coarse grains. This 
variation in grain size is critical, as finer grains typically contribute to 
improved strength through grain boundary strengthening mechanisms, 
while larger grains may enhance ductility.

Fig. 3. SEM/EDS of HT-alloy a) Zn segregation is indicated, b) Ca2Mg6Zn3 and Mg2Ca brighter phases are visible, c) Point EDS analysis confirming the presence of 
the Ca/Mg/Zn phase, d) and e) Point EDS confirming Mg/Ca/Si phases.
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Fig. 4. Microstructure of the Mg–Ca–Zn system before ECAP. Longitudinal direction: (a) pole figures, (b) IPF TD orientation map, (c) grain size distribution. In 
transverse direction: (d) pole figures, (e) IPF ED orientation map, (f) grain size distribution.

A. Rai et al.                                                                                                                                                                                                                                      Journal of Materials Research and Technology 42 (2026) 3685–3701 

3690 



3.1.2. ECAP microstructure
The microstructure of the specimens processed through Equal 

Channel Angular Pressing (ECAP) is depicted in Fig. 5(b–e). Following 
ECAP, the alloy exhibits equiaxed grains with an average size of 
approximately 6.5 μm in the longitudinal direction as shown in Fig. 5(c). 
In the transverse section, the microstructure predominantly comprises 
fine grains, with size approximately 4.83 μm as shown in Fig. 5(f). The 
average sub-grain size of the ECAP-alloy is around 4 μm in the longi
tudinal direction and 3.4 μm in the transverse direction as shown in 
Figure SF3 (supporting information). EBSD based pole figures present a 
rather typical texture for a magnesium alloy processed by route Bc in 
ECAP [61]. This is consistent with typical texture evolution, where after 
first ECAP pass the 0001 pole is aligned in the ND ED plane, and tilted 
about 55◦ away from the ED direction. In subsequent ECAP passes the 
maximum in 0001 pole figure is tilted away from the ND ED plane to
wards the TD axis, due to 90◦ rotation of the billet in Bc ECAP route. This 
supports the conclusion that deformation during ECAP processing is 
dominated by dislocation glide in the basal slip system.

After the ECAP processing at a die angle of 90◦, a significant 
reduction in grain size was observed. The microstructure was effectively 
refined through dynamic recrystallization, which was accompanied by 
severe shear deformation resulting from the ECAP process. Analysis of 
the stereographic pole Fig. 5(a, d) indicates that the alloy developed a 
pronounced texture after ECAP. In the longitudinal section, regions with 
small equiaxed grains coexist with larger grains that are elongated in the 
direction of pressing, representing remnants of the original deformed 
elongated grains. Fig. 5(g, h) illustrates the distribution of grain 
boundary misorientation. Misorientation angles greater than 15◦ are 
associated with high-angle grain boundaries, indicating a transition of 
the material from low-angle to high-angle grain boundaries due to the 
substantial deformation experienced during ECAP. This recrystallization 
stage, facilitated by dislocation accumulation and fine-grained integra
tion, promotes a homogeneous microstructure characterized by an 
ultrafine-grained appearance after four passes of ECAP. The elevated 
proportion of high-angle grain boundaries contributes to the formation 
of a uniform and protective coating on the magnesium surface, effec
tively reducing its corrosion rate as discussed in a later section.

Additional analysis of Schmid factors (SF) was conducted to provide 
possible rationalization for yield point differences between ECAPed and 
HT samples. SF histograms and maps are presented in Fig. 6. Histograms 
present the complete distribution, while maps were filtered to show only 
grains with SF > 0.2. The SF values distribution is similar in both 
samples, with a strong peak above SF > 0.4 indicating a large fraction of 
grains oriented favorably for basal slip. Due to relatively high critical 
resolved shear stress (CRSS) of non-basal slip systems in Mg alloys, the 
basal dislocation system is activated even in grains with relatively low 
SF values. However the differences in fraction of grains with SF > 0.2 
between HT sample (76.5%) and ECAP sample (68.5%), can help to 
partially explain much higher yield point in ECAP sample, as grains with 
the lowest basal SF have to activate additional slip systems, such as 2nd 
order pyramidal <c+a> [62], while tensile twinning is most likely 
suppressed in ECAP sample due to grain refinement [63]. Activation of 
pyramidal slip system can then promote cross-slip leading to increased 
dislocation interactions and strain hardening rate in ECAP sample [64]. 
On the other hand, the HT sample has slightly higher fraction of high 
basal SF grains and its plasticity is enhanced strongly due to possibility 
of tensile twin activation in large grains [65].

3.2. FEM

The evolution of the equivalent von Mises stress during the ECAP 
process is presented in Fig. 7, which shows three snapshots capturing 
successive stages of billet deformation. At the initial stage (Fig. 7(a)), as 
the billet enters the intersection of the die channels, elevated stress 
concentrations are observed at the billet's outer corner regions in contact 
with the die walls. This is due to the intense shear deformation imposed 

as the billet begins to change its flow direction through the 90◦ channel 
angle. As the process progresses (Fig. 7(b)), the zone of high equivalent 
stress propagates deeper into the billet, following the shear plane 
imposed by the die geometry. In the intermediate stage, stress intensities 
remain significant along the billet's diagonal plane, reflecting the 
dominant simple shear mechanism typical for ECAP. In the final stage 
(Fig. 7(c)), as the billet exits the die corner and progresses into the outlet 
channel, the stress distribution becomes more uniform. However, 
localized stress concentrations persist near the billet's outer surfaces, 
showing that the severe plastic deformation during passage through the 
die corner continues to influence the billet's stress distribution.

Fig. 8 illustrates the distribution of the equivalent plastic strain 
(PEEQ) at the same three stages of the ECAP process. Initially (Fig. 8(a)), 
plastic strains are concentrated near the die corner where the billet first 
contacts the channel intersection, reflecting the onset of shear defor
mation. As the billet advances further through the corner (Fig. 8(b)), the 
region of elevated PEEQ expands, clearly delineating the shear plane 
formed at the 90◦ intersection of the channels. In the final stage (Fig. 8
(c)), the strain field stabilizes, showing a band of high plastic strain 
extending diagonally across the billet cross-section. This characteristic 
strain pattern confirms that the billet has undergone significant simple 
shear deformation, which is the fundamental mechanism responsible for 
grain refinement in the ECAP process. Overall, the simulation results for 
PEEQ are consistent with the expected material flow and deformation 
characteristics during ECAP.

The simulated punch force as a function of time is shown in Fig. 9. 
The punch force increases steadily as the billet enters the die corner, 
reaching a peak value of approximately 40 kN. Subsequently, the force 
slightly decreases and stabilizes as the billet passes through the corner 
and progresses into the outlet channel. The maximum predicted force 
from the simulation is in close agreement with the experimental mea
surement of approximately 39 kN (supporting information SF4), 
demonstrating the validity and accuracy of the developed finite element 
model. This good correlation confirms that the chosen material model, 
friction conditions, and boundary constraints accurately capture the 
mechanical response of the ECAP process.

The stress and strain distributions obtained from the simulations are 
consistent with patterns reported in previous studies of ECAP-processed 
materials. In particular, the formation of a distinct shear band along the 
45◦ plane through the billet cross-section, visible in the PEEQ contours 
(Fig. 8), corresponds well with observations in the literature, where 
similar shear zones have been identified as the primary regions of 
intense plastic deformation and grain refinement during ECAP [66,67]. 
Studies by Segal [67] and Iwahashi et al. [66] have highlighted that this 
shear plane is the dominant mechanism for imparting large strains into 
the material, promoting microstructural evolution and texture devel
opment. The simulated von Mises stress distribution (Fig. 7) also shows 
elevated stress concentrations along this shear plane, further confirming 
the agreement between the numerical results and experimental findings. 
While the macroscopic kinematics align with existing literature, the 
added value of the present FEM analysis lies in the material-specific 
quantitative prediction of the deformation behaviour. By directly 
incorporating experimental stress-strain data from isothermal 
compression tests of the investigated Mg-Zn-Ca alloy, combined with the 
ALE adaptive meshing technique to prevent volumetric locking and 
element distortion, the model accurately captures the required punch 
force. Overall, the present simulation results corroborate the charac
teristic deformation behaviour of ECAP, demonstrating the formation of 
high shear strain bands and localized stress fields associated with the 
billet's passage through the die corner. Furthermore, the model validates 
the specific mechanical response of this investigated material.

3.3. Mechanical test

Several studies reported that grain refinement improves the me
chanical properties of magnesium alloy [68]. It improves ductility by 
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Fig. 5. Microstructure of the Mg–Ca–Zn system after ECAP in the longitudinal direction: (a) pole figures, (b) IPF TD orientation map, (c) grain size. In the transverse 
direction: (d) pole figures, (e) IPF ED orientation map, (f) grain size. (g) and (h) show misorientation angles.
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inhibiting the twinning mechanism, which can lead to strain localization 
and strain hardening [69,70]. This localization may result in the 
nucleation and growth of voids, ultimately causing mechanical failure 
[71–74]. When the grain size is sufficiently refined, the critical resolved 
shear stress (CRSS) for twinning can exceed that of prismatic or pyra
midal slip systems. This dynamic helped to reduce twinning activity, 
thereby contributing to improved ductility [75]. The results of tensile 

tests at room temperature are shown in Fig. 10. The ultimate tensile 
strength of the initial material is 226 MPa, as represented in the stress vs. 
strain plot. It can be observed that the alloy exhibits an increase in ul
timate tensile strength to 290 MPa after the four-pass ECAP process, 
compared to the initial material. After ECAP, the material shows ulti
mate tensile and yield strengths of 290 MPa and 234 MPa, respectively. 
There is not much change in the elongation of the material before and 

Fig. 6. Schmid factor for basal slip system in a) HT and b) ECAP processed Mg alloy. Corresponding Schmid factor maps present only grains with SF > 0.2.

Fig. 7. Equivalent von Mises stress distribution in the billet during successive stages of the ECAP process.
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after ECAP, which is approximately 37% and 35%, respectively. This 
shows that the elongation at break is not purely dependent on the grain 
size of the material, as the texture appears to have a negative influence 

on ductility in the ECAP state. In contrast, the tensile strength is directly 
dependent on the grain size, as the microhardness of the alloy and its 
strength increased after four ECAP passes due to grain refinement, and 
strain hardening [76].

The yield point phenomenon [77], which does not occur in the initial 
material's stress-strain curve, is a notable characteristic of the engi
neering tensile stress-strain curves of ECAP alloy as shown in Fig. 10. 
Further movement requires less stress after the dislocations have been 
released by a high enough tension. The absence of movable dislocations 
in Mg alloys with small grain sizes provides another explanation. 
Dislocation sources must be activated in order to start plastic deforma
tion, which takes more stress than just deformation. Some studies also 
suggested that the occurrence of yield point phenomena is caused by 
deformation twinning. In the early stages of plastic deformation, twin
ning is a significant deformation mechanism in magnesium alloys. It 
causes an abrupt drop in stress within a grain, which can then cause 
twinning in nearby grains, and promotes slip deformation in initially 
unfavorably orientated grains. Possibly other causes, or it could be 
multiple mechanisms, may be at work to cause the yield point phe
nomenon in various magnesium alloys [78].

Utilizing the DIC approach, the true effective and true principal 
strain distributions during the tensile test were examined. The outcomes 
are shown in Fig. 11 for the received HT alloy and after ECAP, 

Fig. 8. Distribution of equivalent plastic strain (PEEQ) in the billet at different stages of the ECAP process.

Fig. 9. Simulated punch force versus time curve for the ECAP process.

Fig. 10. Stress-strain curve at room temperature for HT and ECAP alloy.
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respectively. The initial material's (Fig. 11(a and b)) strain distribution is 
not uniform and is positioned on one side of the gauge length rather than 
concentrated in the middle. This indicates that the alloy's structure is not 
homogenous and has higher grain sizes. Because of the higher grain size, 
it is easier to initiate the dislocations, but it becomes difficult to prop
agate them to neighboring grains resulting in strain concentration at 
specific point or area. While the fracture was predominantly in the 
middle of the ECAP-processed material, it happened away from the 
center in the initial material because of the smaller grain sizes. In 
contrast to the initial material, the ECAP sample's true effective and true 
principal strain distribution is depicted in Fig. 11 (c, d) as being more 
uniform and dispersed across the gauge length. Such behavior is a result 
of the alloy's altered structure and refined grain structure undergoing 

ECAP deformation. This change in microstructure helps in strain- 
hardening and the crystal structure of the sample has accumulated 
dislocation that acts as a stopping point for further dislocations to take 
place thus increasing the strength of the alloy. These findings demon
strate that stress increase as grain size is reduced. The yield strength, 
ultimate tensile strength, and strain distribution during the test are all 
mechanical properties that are significantly impacted by grain size 
variation.

3.4. Electrochemical corrosion tests

Time sequential EIS tests were conducted to understand the corro
sion behaviour of ECAP and HT alloys in PBS solution, at intervals of 1, 

Fig. 11. True principal strain distributions for HT and ECAP alloys are shown in (a) and (c), respectively, while effective strain distributions for HT and ECAP are 
shown in (b) and (d), respectively.

Fig. 12. (a) Nyquist and (b) Bode plots of the HT alloy and ECAP alloy.
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6, and 12 h. Fig. 12 (a, b) illustrates the Nyquist and Bode plots for these 
samples. The EIS plots show that both ECAP and HT alloys exhibit 
similar electrochemical behavior, featuring a large capacitive loop at 
high frequencies (HF), a small capacitive loop at medium frequencies 
(MF), followed by an inductive loop at low frequencies (LF) [23,79,80]. 
The HF capacitance loops are typically associated with the charge 
transfer process at the metal/solution interface, while the MF loops 
relate to the development of the surface corrosion film, respectively. 
Lastly, the LF inductive loop is generally associated with relaxation 
processes caused by species adsorption at the corrosion layer and/or the 
onset of pitting corrosion. The experimental data were fitted using the 
electrical equivalent circuits (EEC) shown in the inset Fig. 12(a), and 
Table 3 contains the fitting results. The EEC used consisted of solution 
resistance (Rs); the constant phase element of the double-charge layer 
capacitance, and the charge transfer resistance (CPEdl and Rct); the 
constant phase element and resistance of the corrosion products film 
(CPEf and Rf), and the inductive loop and its resistance (L and RL) [23,
79,81]. A constant phase element (CPE) is utilized in the EEC to account 
for the non-homogeneous nature of electrode surfaces in corrosion 
studies, particularly for magnesium alloys in phosphate-buffered saline 
(PBS) solutions. It consists of two parameters: Q, which reflects 
capacitance-like behavior influenced by surface defects, and n, the 
dispersion index ranging from 0 to 1, where higher values indicate 
smoother surfaces and lower values suggest rougher, more porous sur
faces [23,79,81–83]. Low χ2 values indicate that the EEC effectively 
captures the corrosion phenomena and validates its accuracy.

The following reactions can illustrate the overall deterioration of Mg 
alloys in the PBS solution: 

Anodic reaction : Mg → Mg2+ + 2e- (1) 

Cathodic reaction : 2H2O+ 2e- → H2 + OH- (2) 

Mg2+ +OH- → Mg(OH)2 (3) 

The overall degradation reaction of Mg: 

Mg+2H2O → Mg(OH)2 + H2 (4) 

Based on the literature [23,79,83,84], two distinct layers develop on 
the Mg alloy surface: an initial thin MgO barrier layer formed immedi
ately when the metal contacts PBS solution, then a thicker porous Mg 
(OH)2 layer that covers the MgO. The magnesium and hydroxide ions 
then lead to the formation of Mg(OH)2 (Eq. (3)).

Data indicates that during the initial hours of the experiment, the HT 
sample exhibits higher Rct and Rf values compared to the ECAP- 
processed sample. This suggests that the charge transfer in the corro
sion processes (e.g., Eqs. (1) and (2)) for the HT processed sample was 
slowed down due to the formation of the Mg(OH)2 layer. With increased 
immersion time, the Rct decreased. The chloride ions penetrate the 
matrix, converting the Mg(OH)2 layer into soluble MgCl2, which then 
dissociates into Mg2+ and Cl− , resulting in deeper corrosion of the 
matrix. 

Mg(OH)2 + 2Cl- → MgCl2 + 2OH− (5) 

Therefore, the reduction in the Rct value could result from Mg dis
solving through pores or imperfections in a less-dense passive layer. 
Conversely, Rct and Rf values for the ECAP-processed sample were 
relatively stable with immersion time.

It is worth noting that there is no consensus on how grain refinement 
influences the corrosion resistance of Mg alloys. Some studies indicate 
that grain refinement may decrease corrosion resistance [85,86], 
whereas others suggest it enhances it [87]. Palumbo et al. [88] found 
that as grain refinement increases, so does the volume fraction of 
intercrystallite regions like grain boundaries and triple junctions. These 
boundaries and junctions possess higher energies than the bulk material, 
making them more chemically active with the surrounding matrix. 
Consequently, refining the grains boosts the surface reactivity, poten
tially leading to the preferential dissolution of grains. The varying 
consensus in the literature arises from the difficulty of isolating the ef
fect of grain refinement from other microstructural changes induced by 
the process (e.g., the alloy's crystallographic orientation, the presence 
and distribution of secondary phases). In this study, while both alloys 
undergo electrochemical dissolution in chloride-rich media, their 
dominant mechanisms are influenced differently by their respective 
microstructures. The HT-alloy primary mechanism features a lower 
density of grain boundaries, resulting in slower initial surface reactivity. 
The coarser structure does not support the rapid formation of a cohesive 
protective layer, leading to more sustained charge transfer between the 
electrolyte and the metal matrix. The dominant mechanism of the ECAP 
alloy is driven by the high-volume fraction of intercrystallite regions 
(grain boundaries and triple junctions). Although these regions have 
higher energy and are more chemically active, this increased reactivity 
promotes rapid nucleation and growth of a compact corrosion product 
layer. This layer serves as an effective physical barrier, stabilizing the 
corrosion process from the beginning [81].

The polarization curves are shown in Fig. 13, and the Tafel param
eters are listed in Table 4. The Corrosion performance of both samples 
largely depends on the Icorr values. Lower Icorr values signify better 
corrosion performance. The potentiodynamic measurements are in 
agreement with the EIS observations. The data shows a slight change in 
icorr between both samples after 12 h of immersion in PBS solution, 
suggesting that the grain refinement process did not significantly alter 
the corrosion resistance of the HT alloy. Both samples exhibit a small 
passivity range in the tested PBS solution due to the formation of the Mg 
(OH)2 film. As mentioned earlier, the Mg(OH)2 film is unstable in the 
presence of Cl− ions, leading to localized pitting corrosion. The Fig. 13
shows that the ECAP-treated sample is less prone to pitting corrosion, 
with a pitting potential (Epit), (− 1.48 V), being more positive than that 
of the HT sample (− 1.39 V). ECAP treatment reduces grain size, 
improving microstructure uniformity and resulting in a stronger oxide 
film, thereby decreasing localized corrosion.

Table 3 
EIS parameters for the HT alloy and ECAP alloy in PBS solution.

Time 
(h)

Rs (Ω 
cm2)

CPEdl Rct (Ω 
cm2)

CPEf Rf (Ω 
cm2)

L (H cm− 2) 
x10− 4

RL (Ω 
cm2)

Rp = Rct + Rf (Ω 
cm2)

χ2 
(10− 3)

Qdl (μΩ− 1 cm− 2 

sn)
ndl Qf (μΩ− 1 cm− 2 

sn)
nf

HT
1 17.80 325.40 0.63 1035 24.16 1.000 566 0.81 101 1601 0.72
6 17.41 169.80 0.66 1347 11.17 0.990 648 2.68 671 1995 0.51
12 19.92 109.70 0.70 941 17.53 0.996 657 2.18 100 1598 1.59
ECAP
1 10.39 31.64 0.62 882 22.70 0.976 665 1.31 575 1547 0.69
6 9.85 29.90 0.62 961 23.76 0.981 515 1.15 620 1476 0.54
12 9.13 396.70 0.61 934 23.30 0.962 501 0.69 959 1435 0.18
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3.5. Micro scale analysis

After immersion for 24 h in PBS solution, the samples exhibited 
significant corrosion, as illustrated in Fig. 14. The corrosion product 
layers covered the entire surface and displayed several deep cracks. The 
SEM images reveal corrosion pits on both the ECAP and HT alloys. At 
higher magnification (Fig. 14(c)), the HT alloy exhibits deeper pits that 
are observed more frequently compared to the smaller and less frequent 
pits found in the ECAP alloy (Fig. 14(f)), demonstrating the better 
pitting corrosion resistance of the ECAP alloy surface. The surface 
corrosion morphology in both samples is uneven; however, the HT alloy 
surface is flatter than that of the ECAP alloy at lower magnification 
(Fig. 14), indicating a more effective distribution of the protective film 
in the HT alloy. This improved distribution is likely due to the heat 
treatment process, which enhances the alloy's microstructure and pro
motes better film formation. Furthermore, the overall oxygen percent
age in the EDS spectra is higher for the ECAP processed alloy, as shown 
in the supporting information (Figure SF5 & SF6).

The chemical composition, as shown in the EDS spectra, primarily 
consists of Mg, Ca, Zn, O, and P, along with MgO and Mg(OH)2 films. The 
presence of metal phosphate and carbonate compounds is also specu
lated, which is later confirmed by XPS analysis. Specifically, the for
mation of Mg3(PO4)2 leads to the development of a gel-like barrier that 
subsequently crystalizes, thereby contributing to the protective layer, 
while MgHPO4.3H2O forms a crystalline and stable hard shell that slows 
down corrosion in both cases [89]. Without the presence of calcium ions, 
which are essential for the formation of a complex apatite layer, the 
corrosion resistance of the material becomes dependent solely on the 
stability of the magnesium-phosphate barriers. These barriers play a 
crucial role in protecting the substrate from aggressive chloride ions. 

Fig. 13. Potentiodynamic polarization curves of the HT and ECAP alloys in 
PBS solution.

Table 4 
Potentiodynamic polarization data of the HT and ECAP alloys in PBS solution.

Sample βc (V dec− 1) βa (V dec− 1) icorr (μA cm− 2) Ecorr (V) Epit (V)

ECAP 0.337 0.352 75.40 − 1.66 − 1.48
HT 0.275 0.275 77.40 − 1.72 − 1.39

Fig. 14. (a–c) SEM morphology of heat-treated sample and (d–f) ECAP processed samples after 24-h immersion in PBS solution at different magnification.
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Furthermore, SEM images in figure show that the brighter regions 
containing the Ca2Mg6Zn3 phase are still present in both ECAP and HT 
alloy samples, while the Mg2Ca phase has completely dissolved. The 
point EDS spectra in the supplementary information figure SF7 for the 
brighter phases (Ca2Mg6Zn3) in both alloys reveal a very low oxygen 
percentage, further confirming the corrosion-resistant nature of 
Ca2Mg6Zn3 phase. The differences in corrosion susceptibility among 
these phases can be attributed to their positions in the galvanic series. 
The Mg2Ca phase, having a more negative Volta potential, acted as the 
anode and corroded preferentially. In contrast, the Ca2Mg6Zn3 and 
MgCaSi phases, with more positive potentials, functioned as cathodes, 
thereby facilitating the galvanic corrosion process [51,90,91]. Accord
ing to Xu et al. [92], even little presence of Mn in magnesium alloys 
affects the microstructure and improves the corrosion resistance. It in
creases the magnesium-containing phosphates, which form a protective 
layer and provide protection against the corrosive attack of ions [93]. 
Additionally, the XRD patterns for both HT and ECAP alloys investigated 
are illustrated in supporting information (Figure SF8). Each alloy ex
hibits prominent peaks associated with the α-Mg phase, alongside 

weaker peaks attributed to the secondary phases Mg2Ca and Ca2Mg6Zn3.
Both sample surfaces covered with corrosion deposits due to 24 h 

immersion in PBS were subsequently analyzed in terms of detailed 
chemical states using the XPS technique [94]. Fig. 15(a) illustrates 
survey scans acquired to reveal the general elemental composition of the 
obtained deposits.

The collected XPS survey scans revealed the same elemental lines in 
both tested samples, i.e. C, K, Mg, Ca, P, Cl, Na and O, with different 
signal intensities. Namely, in the HT alloy, the intensity of signals 
originating from the elements contained in the PBS structure is higher, 
which is well correlated with previous SEM results and confirms a more 
preferential microstructure of the sample for forming the passivation- 
like layer. Further, the chemical species of elements in these deposits 
were identified by curve-fitting of high-resolution spectra acquired in 
the regions of the main elemental lines, as shown in Fig. 15(b–h).

The C 1s spectra for analyzed samples were fitted with four com
ponents. First line was found at 285.0 eV which indicates C-C and C-H 
bonds, second line at 286.4 eV represents C-O-C and/or C-OH groups, 
third line positioned at 287.9 eV corresponds to C=O groups, while the 

Fig. 15. a) Wide-range survey scans, and high-resolution XPS spectra acquired in b) C 1s + K 2p, c) Mg 1s, d) Ca 2p, e) P 2p, f) Cl 2p, g) Na 1s and h) O 1s regions, 
for the ECAP and HT alloys immersed in PBS solution for 24h.
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last line observed at 289.5 eV indicates CO3
2− species [95,96]. The K 2p 

spectra were fitted with one doublet structure (2p3/2–2p1/2 separation 
2.7 eV) with the main 2p3/2 line at 293.3 eV which indicates K+ ions like 
in K3PO4 and/or KCl [97]. The Mg 1s region was fitted with two lines, 
with the first line at 1304.5 eV indicating Mg2+ cations like in 
Mg3(PO4)2, MgHPO4.3H2O and Mg(OH)2 compounds with possible 
fractions of MgO and/or MgCl2, and second at 1305.9 eV corresponding 
to magnesium hydroxide [97,98].

The spectra collected in the Ca 2p region were fitted with a doublet 
structure with 2p3/2–2p1/2 splitting 3.51 eV with the main 2p3/2 line at 
347.8 eV which represents Ca2+ ions like in either Ca3(PO4)2 or CaCO3 
and small amounts of CaO species [97]. The spectra in P 2p region, were 
fitted with doublet structure (2p3/2–2p1/2 splitting equals 0.84 eV) with 
the main 2p3/2 line at 133.4 eV indicates P5+ oxidation state like in PO4

3−

[95]. The Cl 2p regions were fitted with doublet structure (doublet 
separation 2p3/2–2p1/2 equals 1.6 eV) with the main 2p3/2 line at 198.9 
eV which indicates presence of Cl− ions in chlorides like in e.g. MgCl2 
and KCl, [95,97]. The Na 1s spectra were fitted with a single line 
centered at 1072.0 eV represents Na + ions like in Na2CO3 and 
Na3(PO4)2 compounds [97]. The O 1s spectra for samples were fitted 
with three components. The first line observed at 531.5 eV indicates 
O-Mg type bonds in magnesium oxide and/or hydroxide and O-C bonds 
in carbonates and/or PO4

3− , second line at 532.7 eV points out the ex
istence of PO4

3− and/or O=C bonds in organic compounds and the last 
line at 533.9 eV can originate either from O-C and/or O-H bonds and/or 
adsorbed H2O [95,97].

Considering the results of XPS and SEM-EDS measurements, the 
deposited films are found to contain precipitated phosphate and car
bonate salts, formed through interactions among the oxide and hy
droxide products of magnesium, calcium, and zinc. These protective 
films enhanced the pitting resistance due to the interaction among the 
oxide and hydroxide products of magnesium, calcium, and zinc [99]. 
However, the higher concentration of inorganic ions determined on the 
HT surface indicates more efficient film formation which can be 
attributed to the preferential alloy microstructure.

4. Conclusions

In this study, a micro-alloyed Mg-Ca-Zn alloy containing the con
taminants was analyzed. Following the alloy preparation, the equal- 
channel angular pressing (ECAP) process was employed to refine the 
grain structure, thereby enhancing the mechanical properties and 
improving resistance to pitting corrosion. Various characterization 
techniques were utilized to investigate the effects of grain refinement on 
the overall behavior of the alloy. Based on these investigations, the 
following conclusions have been drawn: 

(1) After ECAP processing, the microstructure undergoes significant 
refinement, producing a finer, more homogeneously distributed 
equiaxed grain structure compared to the heat-treated alloy.

(2) The alloy demonstrates increased ultimate tensile strength and 
yield strength after the four-pass ECAP process, while elongation 
remains relatively unchanged before and after processing. This 
shows that tensile strength is significantly influenced by grain 
size, whereas elongation at fracture shows minimal dependence 
on it, which is attributable to the stronger change in texture.

(3) The presence of Si leads to the formation of the MgCaSi phase, 
which positively influences the overall corrosion resistance, 
along with the Ca2Mg6Zn3 phase. Electrochemical results further 
indicate that the overall corrosion resistance of the heat-treated 
alloy is slightly better than that of the ECAP-processed alloy; 
however, the ECAP-processed alloy exhibits significantly greater 
resistance to pitting corrosion compared to the heat-treated alloy.

(4) XPS analysis further confirms the formation of stable and 
coherent protective oxide layers on both surfaces.

Therefore, the enhancement in mechanical properties and pitting 
corrosion resistance has been achieved more efficiently and cost- 
effectively in the Mg-Ca-Zn alloy through grain refinement. This work 
demonstrates a cost-effective method for preparing micro-alloyed 
magnesium alloys with superior mechanical performance and 
improved pitting corrosion resistance, paving the way for next- 
generation lightweight materials that can enhance mechanical perfor
mance and improve clinical outcomes for patients.
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