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Abstract: This study investigates the effect of equal channel
angular pressing (ECAP) parameters, specifically die angle and
no. of passes, on the microstructural, electrochemical, and
mechanical properties of biodegradable 7ZX30 magnesium
alloy. The alloy was processed using ECAP at die angles of
90° and 120° with one and four passes via route Bc, resulting
in substantial microstructural refinement and texture modifi-
cation. Compared to the as-annealed (AA) condition, four ECAP
passes at 90° and 120° die angles reduced the grain size
dramatically by 91.6% (to 2.2 um) and 92.7% (to 1.9 um), respec-
tively. The processing parameters promoted dynamic recrys-
tallization and increased high-angle grain boundary density,
enhancing both corrosion resistance and mechanical strength.
Electrochemical impedance spectroscopy and potentiodynamic
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polarization tests confirmed a corrosion rate reduction of up to
93% with the 4Bc-90° die angle, attributed to grain refinement
and increased charge transfer resistance. Grain boundaries act
as barriers to corrosion by limiting dislocation movement and
reducing electrochemical reactivity at the grain surface, as
further supported by 15-day immersion tests. Mechanical
testing showed notable improvement, with hardness and ten-
sile strength increasing by up to 66 and 56%, respectively,
under optimal ECAP conditions (4Bc-120° die) compared to
the AA. These findings highlight the critical role of ECAP para-
meters — particularly die angle and number of passes — in
tailoring of ZX30 alloy properties and underscore ECAP’s effi-
cacy as a non-chemical, parameter-controlled strategy for
enhancing microstructure, corrosion resistance, and mechan-
ical performance in ZX30 magnesium alloys for construction
and biomedical applications.

Keywords: mechanical properties, electrochemical beha-
vior, microstructure, texture analysis

1 Introduction

Magnesium (Mg) and its alloys are increasingly recognized
as essential materials for structural and biomedical engi-
neering due to their lightweight nature, high specific strength,
and superior machinability [1-3]. These characteristics posi-
tion Mg alloys as a transformative alternative in automotive,
construction, and aerospace industries, where weight reduc-
tion significantly enhances performance and efficiency.
However, challenges such as limited strength, ductility, and
corrosion resistance remain bharriers to widespread applica-
tion [4-6]. Recent advancements have addressed these issues
by enhancing mechanical properties and improving dur-
ability [7,8]. These improvements align with the rising interest
in Mg as a sustainable substitute for heavier materials like
steel and aluminum, providing significant energy savings and
reductions in carbon emissions. The ongoing research
highlights the material’s potential and ignites further
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investigations, signaling a pivotal shift in its adoption for
structural and biomedical engineering.

To tackle the uncontrolled degradation of Mg alloys,
various approaches, including the development of novel
alloys, composites, and protective coatings, have been
extensively studied [9-12]. Experiments have explored
alloying Mg with elements such as Zn, Zr, Ca, Li, Al, Mn,
Sr, or Si, or even rare earth (RE) elements like Ce, La, Nd,
Pr, Y, Gd, or Sc, enhancing both biocompatibility and
mechanical and corrosion resistance [13-15]. Nevertheless,
alloying Mg is challenging due to its high chemical reac-
tivity and propensity for oxidation and evaporation.
Among these alloys, the Mg-ZX system (Mg-Zn-Ca) has
emerged as biocompatible, economical, and easy to pro-
duce, making it particularly appealing [16]. Specifically,
Zn significantly contributes to solid-solution strengthening
and improved corrosion resistance [17-19]. Further, Ca is
one of the most essential chemical components in human
bones, and it promotes the creation of hydroxyapatite in
the body, hence accelerating bone repair [20,21]. The equi-
librium limit of Zn and Ca solubility in Mg is 6.2 wt% at
340 C, and 1.11wt% at 521C, respectively [22]. However,
reliance solely on alloying elements can cause undesirable
segregations, impure inclusions, and second-phase forma-
tions. Therefore, deformation processing techniques have
been employed to control such structural irregularities,
including second-phase distribution, substructure refine-
ment, micro-strains, textures, and intentional grain size
modification [23].

Enhancing corrosion resistance in Mg alloys through
mechanical methods, particularly microstructural modifi-
cation, has recently received widespread attention [24-26].
Due to the substantial role grain boundaries play in biode-
gradation within physiological environments, grain size
has become a crucial determinant for biodegradable Mg-
based materials [27]. Grain boundaries and grain interiors
differ significantly in atomic reactivity, diffusion rates, and
atomic coordination. Thus, grain refinement achieved
through deformation processes has become a promising
strategy for improving Mg alloys’ strength, ductility, and
corrosion resistance. For ZX alloys, understanding the
grain size evolution during deformation is vital for enhan-
cing these properties [28-30]. In this context, severe plastic
deformation (SPD) processes such as equal channel
angular pressing (ECAP), high pressure torsion (HPT),
and accumulative roll bonding (ARB) have demonstrated
their ability in creating sub-micron ultrafine-grained
microstructure in numerous Mg-based alloys [31-34]. For
instance, ZX alloys processed by HPT demonstrate grain
refinement, significant fragmentation, and uniform sec-
ondary-phase dispersion, altering corrosion modes from
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localized pitting to uniform corrosion [35]. Chen et al
[36] found that high strain rate rolling refined Mg alloys
better than traditional rolling, improving corrosion resis-
tance. The AZ91 alloy’s corrosion rate increased due to the
accumulation of a high dislocation density and the trans-
formation of the phase’s morphology from a continuous
net shape into isolated particles [37,38]. Ralston et al. [39]
used a Hall-Petch equation to relate grain size to corrosion
rate. Numerous studies employed this equation to describe
the corrosion behavior that altered following grain refine-
ment by plastic deformation [40,41].

Hence, improvements in mechanical and corrosion
performance of Mg alloys processed via ECAP are pri-
marily attributed to grain refinement, as described by
the Hall-Petch equation. However, factors like crystallo-
graphic texture significantly influence material properties,
notably affecting the strength coefficient (K-value). Among
ECAP parameters, processing routes (particularly route Bc)
and temperature critically determine grain refinement and
mechanical properties [42]. Lower processing tempera-
tures often require more ECAP passes to develop homoge-
neous, equiaxed microstructures, improving both ductility
and strength. For instance, at 220°C, after 8 passes, a het-
erogeneous microstructure maintained a favorable bal-
ance between strength and ductility, attributed not only
to grain size but also to texture evolution [43,44]. Further-
more, high-angle grain boundaries (HAGBs) and low-angle
grain boundaries (LAGBs) play a key role in this transfor-
mation. During ECAP, the proportion of HAGBs increases
while that of LAGBs decreases, resulting in refined micro-
structures that enhance mechanical properties and iso-
tropy. For example, pure Mg processed by 7 ECAP passes
exhibited ultra-fine grains as the HAGB fraction increased,
while LAGBs and twin boundaries became more prevalent
[45]. An 80% HAGB fraction was observed in AX41 Mg alloy
after 8 passes, both in as cast and extruded conditions [43].
Exploring the relationship between grain size, crystallo-
graphic orientation, and the formation of protective
surfaces is essential for understanding applications in cor-
rosive environments. Typically, grain refinement promotes
the formation of a more robust passive film, improving
corrosion resistance. For instance, finer grains in pure
Mg were shown to reduce the corrosion rate in NaCl solu-
tion [46]. However, texture evolution combined with grain
refinement significantly influences corrosion resistance by
promoting protective passive films, although certain
defects introduced during ECAP may enhance corrosion
under specific conditions [47,48]. Thus, optimizing grain
structure and crystallographic texture through ECAP is
essential for achieving optimal mechanical and corrosion
properties.
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This work clarifies the correlation between corrosion
rate and grain size by emphasizing the influence of ECAP
parameters such as die angle, processing route and number
of passes, while isolating other variables such as deforma-
tion temperature, die geometry, and alloying composition.
As seen in Figure 1, the Mg-3wt%Zn-0.4 wt%Ca (ZX30) alloy
was processed using ECAP with die angles of 90° and 120°
under multiple passes. The resulting microstructure, texture
evolution, and mechanical performance were systematically
investigated. Electrochemical polarization and impedance
spectroscopy analyses were conducted to evaluate corrosion
behavior. This non-chemical approach offers precise control
over corrosion characteristics, optimizing the ZX30 alloy’s
degradation behavior and mechanical performance,
thereby enhancing its suitability in structural and biome-
dical contexts.

2 Materials and methods

The ZX30 alloy, with a nominal composition of Mg-3 wt%
Zn-0.4 wt% Ca, was procured for this study. Before proces-
sing, the as-received material was machined to fit the die
entrance channel (14 mm diameter) and annealed at 430°C
for 16 h prior to extrusion (AA). Extrusion was performed
using ECAP dies with channel angles of 90° and 120°, at a
temperature of 250°C and at a speed of 10 mm'min~". The
ECAP process involved one and four passes following route
Bc (1P, 4Bc) for both die angles. ECAPed samples were
produced in the shape of a rod with a diameter of 14 mm
and the length of about 60 mm, the homogenized central
portion was used for further characterization.

90° @

Rout Bc
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Microstructure analysis was carried out using a scan-
ning electron microscope (SEM, SU-70) equipped with an
electron backscatter diffraction (EBSD) system. EBSD scans
were conducted at 100 nm intervals from the ED plane,
with data analyzed using Channel 5 software. For SEM
specimen preparation, the samples underwent grinding
with SiC abrasive papers, followed by polishing with dia-
mond paste and etching with an Acetic-Picral solution. For
EBSD specimen preparation, electrolytic polishing replaced
the etching step. X-ray diffraction (XRD, JEOL JDX-8030)
was conducted at room temperature in the 20 range from
20° to 80° with a step size of 0.02°, using Cu/Ka radiation
(40 kV, 30 mA). Additionally, Energy-dispersive X-ray spec-
troscopy (EDS) was employed to determine the elemental
composition.

Corrosion analysis was conducted using a dynamic
potential polarization test with an SP-200 Potentiostat
(Bio-Logic, Orlando, FL, USA). A three-electrode system
was employed, where the sample, with a fixed exposed
area of 6 cm?, served as the working electrode, a platinum
sheet was used as the counter electrode, and a saturated
calomel electrode acted as the reference electrode. Ringer
lactate solution, maintained at 37 + 0.5°C, was used as the
electrolyte. Before the measurements, the open circuit
potential was allowed to stabilize to ensure dynamic equi-
librium between the sample and the electrolyte. The
dynamic potential scan was then performed, with a voltage
range of 250 mV and a scanning rate of 0.166 mV-s . The
electrochemical impedance spectroscopy (EIS) was carried
out over frequencies ranging from 100 Hz to 1 MHz, with a
potential window of +10 mV. Additionally, a weight loss
experiment was conducted on samples measuring 14 mm
in diameter and 5mm in thickness. The samples were

(/ A

90° Die angle 120° Die angle

Figure 1: Schematic Cad drawing of the ECAP process, showing die angles of 90° and 120° using Route Bc. In Route Bc, the billet is rotated by 90° in

the same direction between consecutive passes.
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cleaned and polished to prevent surface contamination
before immersion in Ringer lactate for up to 360h at
37°C, simulating human body temperature. The samples
were periodically cleaned to remove corrosion products
and weighed at regular intervals to measure the corrosion
progress.

Tensile and hardness tests were employed to evaluate
the mechanical properties. The tensile tests were carried out
using a computerized universal testing machine at a strain
rate of 10°s™ and room temperature. To ensure reliable
results, at least three samples were tested for each alloy
condition. Cylindrical tensile specimens were prepared
with the loading applied along the extrusion direction
(ED). Vickers microhardness measurements were conducted
using an automatic microhardness tester (Qualitest, Canada)
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with a 0.5kg load and a dwell time of 15s. The microhard-
ness indentations, approximately 20 um in size, were eval-
uated at ten different points for each sample.

3 Results and discussion

3.1 Energy-dispersive spectroscopy
elemental map

The microstructures of the ZX30 alloy after annealing for
16 h at 430°C, along with elemental mapping and EDS spec-
trum analysis, are shown in Figure 2. The SEM analysis

CaRA  MNRA
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Figure 2: The SEM imaging and EDS elemental analysis of the AA-ZX30 alloy: (a) the SEM microstructure and elemental mapping (5k magnification)

and (b) the corresponding EDS spectrum analysis.
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revealed that the alloy primarily consists of equiaxed
grains, with noticeable grain coarsening due to the
annealing process (indicated by white arrows in Figure 2).
Principally, fine grain nucleation occurs predominantly
along grain and twin boundaries due to increased stress,
which activates harder slip systems [49]. Hence, smaller
grain sizes, in turn, promote non-basal slip and dynamic
recrystallization, aiding in fine grain formation, as dis-
cussed in subsequent sections. EDS analysis confirmed
the presence of Mg, Zn, Ca, and Mn, uniformly distributed
throughout the grain structure. Previous studies indicate

Tailoring ZX30 alloy’s properties via ECAP processing parameters

—_— 5

that primary phases typically include a-Mg and fine glob-
ular precipitated phase Ca,Mg6Zns, as further verified by
XRD analysis [50].

3.2 Grain structure and crystallographic
texture

Figure 3 gives details on the microstructural characteristics
of the as-annealed (AA) condition of ZX30 alloy, by showing
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Figure 3: AA ZX30’s (a) colored IPF map relative to ED, (b) its corresponding band contrast map, (c) grain size distribution, (d) grain area distribution,

(e) grain aspect ratio distribution, and (f) misorientation angle distribution.
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several key structural parameters. The inverse pole figure
(IPF) map relative to ED shown in Figure 3a provides grain
orientations of the alloy. A further band contrast map,
shown in Figure 3b, highlights grain boundaries and
internal features of the alloy to assist the visualization of
grain structure. Figure 3c presents the grain size distribu-
tion, showing an average diameter of 26.2 um, whereas
Figure 3d presents the distribution of the grain area with
an average value of 698 um?. In Figure 3e, the distribution
of the aspect ratio of the grains is presented; this shows an
average value of 1.8 and points toward the main character-
istics of partially equiaxed grain structure with light grain
elongation. Figure 3f shows the distribution of misorientation
angle, which indicates the angular relation between adjacent
grains. Hence, the AA sample reveals a characteristic
annealed microstructure, featuring isolated recrystallization
twins and a dominant presence of HAGBs, indicative of thor-
ough recrystallization. Notably, certain regions exhibit irre-
gular grain growth, deviating from typical uniformity, which
may have a significant effect on mechanical properties and
corrosion behavior [42].

Figures 4 and 5 show the microstructural evolution of
ZX30 alloy processed by ECAP at different die angles and
number of passes. In Figure 4, IPF maps and band contrast
maps present the microstructure after one pass (1P) and after
four passes via route Bc (4Bc) using a 90° die angle; high angle
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bands (HABs) are depicted in black and low angle band (LABs)
in red. Comparable analyses for the ZX30 alloy processed with
a 120° die under identical conditions are shown in Figure 5. It is
evident that increasing the number of passes results in a
marked reduction in grain size, corresponding to greater strain
accumulation and enhanced grain boundary formation.
Figures 6 and 7 provide a more detailed analysis of the
grain size, grain area, grain aspect ratio, and misorienta-
tion angle distributions of ZX30 alloy samples processed
through ECAP for different die angles (90° and 120°) and
passes (1P and 4Bc). These parameters clarify the critical
role of ECAP in achieving significant refinement and homo-
geneity, both significant keys toward the improvement of
alloys’ performance. Compared to the AA condition, the
ECAP-processed samples exhibit a dramatic reduction in
grain size. In the 1P-90° condition, the grain size was
reduced to 3.5 um, marking an 86.6% reduction from the
original AA structure. Further processing to the 4Bc-90°
condition decreased the grain size to 2.2 pm, achieving a
91.6% reduction. For the 120° die, grain size refinement was
slightly less pronounced; the 1P-120° condition reached
3.85 pum, while 4Bc_120° achieved 1.9 um, a 92.7% reduction.
These substantial reductions demonstrate the effectiveness
of ECAP processing parameters for microstructural refine-
ment, with four passes notably enhancing dynamic recrys-
tallization (DRX) and increasing the density of ultrafine

Figure 4: Colored IPF maps and their corresponding band contrast maps with HABs (Black lines) and LABs (Red lines) superimposed for an ECAP
processed Mg alloy ZX30 after (a) and (b) 1P_ 90° die, and (c) and (d) 4Bc_90° die.
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Figure 5: Colored IPF maps and their corresponding band contrast maps with HABs (Black lines) and LABs (Red lines) superimposed for an ECAP
processed Mg alloy ZX30 after (a) and (b) 1P_ 120° die, and (c) and (d) 4Bc_120° die.

equiaxed grains, as seen in Figures 4d and 6d. The statis-
tical data of the grain size of ZX30 are displayed in Table 1.

ECAP processing significantly reduces the average
grain area. For a 90° die, 1P yields an average grain area
of 14.5 um?* (97.9% reduction), further decreasing to 5.3 um*
after four passes (99.2% reduction). With a 120° die, one
pass results in a 20.4 um? area (97.1% reduction), and 4Bc
further reduce it to 3.9 pm? (99.4% reduction). These find-
ings reinforce that both die angles can induce a pro-
nounced decrease in grain areas, with the most substantial
effect observed after multiple passes. Notably, the 90° die
consistently produced smaller grain areas, indicating that
sharper angles are more favorable for achieving finer
grains.

Regarding the average aspect ratio, after 1P with the
90° die, decreases to 1.7, while 4Bc decreases the ratio
further to 1.4, which accounts for a 22.2% decrease. In
the case of the 120° die, after 1P, the ratio was 1.85 (a slight
increase of 2.8% compared with AA), but with 4Bc, it
decreases to 1.65, an 8.3% reduction from AA. These find-
ings confirm that ECAP processing not only refines grain
size but also produces more equiaxed grains, especially in
multi-pass conditions and with a 90° die.

The misorientation angle distributions in both die angles,
as depicted in Figures 6g, h and 7g, h illustrate an increase in
the proportion of HAGBs with additional passes, which gener-
ally suggests increased integrity of the boundaries and possibly

enhancement of mechanical strength. The microstructural evo-
lution from the large, heterogeneous grains in the AA condition
to a highly refined and equiaxed structure with increased
HAGBs in the 4Bc conditions assesses that die angle and
number of passes are very important for achieving the finest
and homogeneous structure, which can be expected to confer
superior corrosion resistance and mechanical stability [51]. The
observed increase in HAGB density with multiple ECAP passes
can be attributed to the conversion of LAGBs to HAGBs during
recrystallization.

The crystallographic texture analysis of the ZX30 alloy,
as represented by the pole figures of the {0001}, {11-20}, and
{10-10} planes (Figure 8), indicates remarkable differences
between the AA condition and the specimens processed by
ECAP. For ZX30, in the AA condition, a strong texture is
present, with the maximum intensity of all analyzed planes
amounting to 10.7 times random (Figure 8a). This is accom-
panied by a sharp {0001} fiber texture oriented perpendi-
cular to the ED, while the {11-20} and {10-10} planes are
nearly parallel to the ED — characteristics indicative of a
well-defined crystallographic alignment in the AA sample.

Following ECAP processing, the texture intensity changes
depending on both the number of passes and the die angle,
demonstrating the influence of these parameters on grain
orientation. For the 1P_90° condition (Figure 8b), the texture
intensity slightly increases to 11.2 times random between the
planes {0001}, {11-20}, and {10-10}; suggesting that one pass at
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Figure 6: (a) and (b) grain size distribution, (c) and (d) grain area distribution, (e) and (f) grain aspect ratio distribution, and (g) and (h) misorientation
angle distribution of ZX30 alloy processed through (a), (c), (e), and (g) 1P_90° die and (b), (d), (f), and (h) 4Bc_90° die.
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Table 1: Statistical data of grain size of AA and ECAPed ZX30 alloy billets

Item AA 1P_90° 4Bc_90° 1P_120° 4Bc_120°
Average grain size (EX) 26.2 3.5 2.2 3.85 1.9
Standard deviation (s) 14.29 2.4981 1.4009 3.5708 0.85012
Coefficient of variation (S/EX) 0.5456 0.71299 0.64065 1.0335 0.49248
Minimum value (Xmin) 7.0467 1.1848 0.22568 1.382 0.81369
Maximum value (Xmax) 74.712 48.705 16.05 46.012 16.666

90° die angle causes a reasonable strengthening of the crystal-
lographic alignment. On the contrary, the 4Bc_90° condition
shows a maximum intensity reduction to 10.1 times random
(Figure 8c). That indicates that after several passes with the
90° die, the initial alignment is partly relaxed. This effect
could be explained due to the fact that with each additional
pass, the grains are being rearranged into a more refined yet
less textured structure.

Conversely, the 120° die angle promotes a much more
pronounced crystallographic alignment, as shown in
Figure 8d and e. The intensity of texture for the 1P-120°
condition reaches 14.25 times random, indicating increased
alignment significantly influenced by the action of the
increased die angle on grain flow. This improved texture
is principally because of the higher shear imposed by the
120° die angle, which increases alignment along with the
ED. For the case of the 4Bc-120°, the texture drops to 11.85
times random. This decrease with increased passes, like
the observation in the 90° die, shows that multiple passes
tend to relax an initially high alignment by allowing more
grain reorientation and spreading within the structure.

Thus, AA-ZX30 alloy initially exhibits a uniform distri-
bution of the course equiaxed grains. After four passes of
ECAP, these large grains are fragmented into numerous
substructures, accompanied by a pronounced increase in
dynamic recrystallization evidenced by the formation of
finer grains and greater HAGBs. Grain sizes refine to 2.2
and 1.9 um using die angles of 90° and 120°, respectively.
These differences in refinement arise from the variation in
strain intensity imparted by the die angle; sharper angles
yield higher shear strain, promoting effective recrystalliza-
tion. While the 120° die angle slows refinement due to
reduced strain, it still affects the microstructure due to
deformation mechanisms. After one pass, distinct grain
orientations, categorized by color, reflect the influence of
die angle. This mixed grain morphology highlights the pro-
cessing conditions’ impact, particularly how dynamic
recrystallization occurs primarily along twin boundaries
and coarse grain boundaries [52,53]. The interplay between
activated slip systems and shear stresses at grain bound-
aries further facilitates new grain nucleation, confirming

that efficient grain refinement in hexagonally close-packed
structures relies on activating multiple slip systems and
increasing boundary stresses [54]. Additionally, mechan-
isms like particle stimulated nucleation and the pinning
effect of fine particles hinder the growth of dynamically
recrystallized grains, contributing to the observed refine-
ment in the 120° die angle and forming a strong fiber tex-
ture [55]. These results show that die angle and the number
of passes are the two most critical variables in controlling
the crystallographic texture in ZX30 alloy and that a die
angle of 120° is effective for improving crystallographic
alignment. Hence, any modification of these variables
could have quite significant repercussions on material
properties, especially anisotropic ones, and any mechan-
ical performance relevant to applications.

3.3 XRD

The XRD analysis of the AA and ECAP-processed ZX30 alloy
samples, as shown in Figure 9a, reveals key insights into
the microstructural evolution of the alloy. The diffraction
peaks are predominantly indexed to the a-Mg phase, con-
firming that the matrix incorporates Zn and Ca in propor-
tions consistent with the alloy’s composition. No signs of
oxidation or formation of new crystalline phases due to the
extrusion process were detected. It is well known that
alloying elements or impurities pin dislocations, hindering
their movement and annihilation during SPD, which influ-
ences microstructural development during ECAP [42].

The extruded samples exhibit a strong texture orienta-
tion and a limited presence of secondary phases. Based on
XRD and EDS analysis, the secondary phase, Ca,MggZns,
constitutes approximately 3.5% of the alloy’s volume,
reflecting the high Zn/Ca ratio [56]. In the AA condition,
the intensity of this phase increases at specific angles
(~32°, 36°, 41°, and 43°), while after the ECAP process, the
secondary phases become more dispersed and dissolve
within the Mg matrix, resulting in a notable decrease in
their intensity. This reduction is likely due to the thermo-
plastic deformation induced by ECAP. Also, a slight angular
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Figure 9: (a) XRD patterns of ZX30 AA and processed ECAP under different extrusion conditions and (b) evolution of crystallite size and lattice strain as

a function of the number of passes for both dies.

shift in the XRD peaks, likely caused by the applied strain
during ECAP, is observed. In the AA sample, the (100) and
(101) planes exhibit strong intensities, but these diminish
after a single ECAP pass for both die angles. Following four
passes, the intensity of the (101) plane increases, while the
(100) plane undergoes further reduction. These variations
suggest modifications in texture and grain refinement, par-
ticularly as the shear deformation from ECAP progres-
sively eliminated the pre-existing texture, allowing new
textures to form with continued processing [57]. The
(002) basal plane’s orientation becomes more pronounced
in ECAP-processed samples, aligning with the known beha-
vior of Mg-alloys, where slip occurs more readily along
compact planes like (002). The presence of intermetallic
phases in the ZX30 alloy likely increases the stiffness
of the (002) plane, promoting slip along other planes,
such as (101). The increased intensity of the (002) peak in
a-Mg-based materials after ECAP, as reported in previous
studies, further supports these findings.

The Williamson-Hall analysis is employed to estimate
crystallite size and micro-strain, considering uniform lat-
tice strain in all crystallographic directions [58]. Peak
broadening, influenced by crystallite size and strain, is
accounted for by applying a crystallite shape factor (K =
0.9), X-ray wavelength (A = 0.154 nm for Cu Ka radiation),
and full width at half-maximum (f) of the diffraction peak
(Figure 9b). The deformation imposed by the first ECAP
pass significantly reduces the crystallite size to around 64
and 70 nm for the 90° and 120° dies, respectively, repre-
senting reductions of 57 and 53% compared to the AA

sample. Concurrently, lattice strain increases significantly,
consistent with observed microstructural changes.

After four passes (4Bc), no substantial changes in
crystallite size or strain are noted, although processing
fluctuations are observed. The 90° die imparts a more severe
single-pass shear deformation than the 120° die, but the con-
stant processing temperature played a crucial role in facili-
tating dynamic recrystallization and refining the microstruc-
ture. From a homogeneity perspective, larger die angles
result in lower strain but require greater pressing force. In
this context, steady die channel displacement, aided by tem-
perature, enhances strain uniformity across the sample [59].
In addition, the increased crystallite size after four passes
may be attributed to enhanced grain boundary mobility,
driven by excessive plastic deformation from ECAP. As
more passes are performed, the lattice strain reaches satura-
tion due to the equilibrium between work hardening and
dynamic recovery, stabilizing the microstructure.

3.4 Electrochemical and degradation
performance

Figure 10 and Table 2 present the results of linear poten-
tiodynamic polarization for the examined alloy before and
after ECAP processing. The results indicate that the corro-
sion behavior of the alloy is significantly influenced by the
die angle and number of passes among ECAP processing
parameters.
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Figure 10: Linear potentiodynamic polarization curves of the AA and
ECAPed billets of ZX30 alloy.

In the case of AA condition, the ZX30 alloy shows the
highest corrosion rate of 0.15575 mmpy and a corrosion
current density (icor) of 1.9626 x 10° A-cm™ compared to
the ECAP processed samples. This elevated rate can be
attributed to the coarse grain structure, low grain
boundary density, and microstructural heterogeneity, all
of which facilitate corrosion initiation and propagation.

After one pass of ECAP processing with a 90° die angle,
the alloy’s corrosion rate and i, decreased by 70% each
compared to the AA alloy, as listed in Table 2. This
improvement is primarily due to grain refinement and
increased dislocation density resulting from extensive
plastic deformation during ECAP. The grain boundary
area significantly increases, acting as a barrier to corrosion
processes. Grain boundaries impede corrosion by
restricting dislocation motion and reducing electroche-
mical activity at the grain surface. Increasing the ECAP
passes up to 4Bc led to a steady decrease in the corrosion
rate when compared to the 1P sample, with a reduction of
78% and 93% when compared to the AA condition, as pre-
sented in Table 2. This result indicates that the additional
passes lead to further grain refinement, creating a highly
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homogenized, refined microstructure with remarkable
improved corrosion resistance, in line with previous
work [60].

Alternatively, when the die angle was set at 120° with
one pass, the rate of corrosion reduced from 0.15576 to
0.06078 mmpy, showing a decrease in i.,, from 1.9626 x
107 to 7.2787 x 1078 A-cm™, as compared to AA condition.
In comparison to the 90° die, this pass generates less strain,
which results in less grain refinement but still improves
corrosion resistance when compared to the AA condition.
An improvement in corrosion prevention is suggested by
the E.,, shifting to —1.4207 V, a more noble value than the
AA condition. The corrosion rate, i.,, at 1.0561 x
107® A-cm™%, maintains the lowest value of 0.008926 mmpy
after four sequential passes at a 120° die angle. Such obser-
vation denotes a significant improvement because sequen-
tial passes at a 120° die angle are still effective in grain
refinement and microstructural homogeneity to a compar-
able level to that of the 90° die angle. Nonetheless, the
increased die angle requires lesser strain per pass, as a
result gradually refining the structure but in a uniform
manner. The anodic region slopes beta (fa = 0.069417
V/dec) and the cathodic region slope minus beta ¢ (—fc =
0.12075 V/dec) are less than what was experienced for the
90° die angle after four passes suggesting there are more
even patterns of corrosion with less reaction kinetics in
either the dissolution or hydrogen evolution reaction.
Value of E ., at -1.4602V appears very close to that in
the AA condition, demonstrates relatively stable conditions
of the refined grains produced after four passes.

The potentiodynamic polarization curves provide
insight into the kinetics of the corrosion process. As the
grain size decreases, the corrosion current density (icory)
decreases, reflecting a reduction in the overall corrosion
activity. The finer the grain structure, the lower the corro-
sion rate, as seen in the four-pass samples for both 90° and
120° die angles.

The EIS plots shown in Figure 11 and data presented in
Table 3 provide significant effects on the corrosion proper-
ties, especially charge transfer and capacitive behavior of
7X30 alloy with ECAP processing. The Nyquist plots of an

Table 2: Electrochemical parameters obtained from potentiodynamic polarization curves of ZX30 Mg billets before and after ECAP processing

Condition Ba (V/dec) —Bc (V/dec) Ecorr (V) icorr (A<cm™3) Corrosion rate (mmpy)
AA 0.082772 0.22653 -1.4598 1.9626 x 107® 0.15576

1P_90° 0.026152 0.29864 -1.4806 5.8672 x 1077 0.046564

4Bc_90° 0.15377 0.12885 -1.4719 1.2819 x 1077 0.010174

1P_120° 0.087455 0.13823 -1.4207 7.2787 x 1078 0.06078

4Bc_120° 0.069417 0.12075 -1.4602 1.0561 x 1078 0.008926
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AA alloy and the ECAP-processed one are shown in Figure
11a. It may be observed that the type of capacitive response
at intermediate to high frequencies is common for all Mg
alloys [51]. This capacitive semicircle comes from the resis-
tance to charge transfer in alloying and double-layer capa-
citance [61,62]. The plots of the AA sample exhibited a small
semicircle, whereas that for ECAPed ZX30 samples showed
larger semicircles than those for their respective AA coun-
terparts (Figure 11a) which correlated well with potentio-
dynamic polarization results, indicating that the corrosion
reaction at ZX30 alloy/solution interface decreases with the
decrease in grain size.

The Bode impedance plots of the AA and ECAP-pro-
cessed ZX30 Mg alloys are presented in Figure 11b. At lower
and moderate frequencies (up to 1.8 Hz), the impedance
values significantly increase, with the ECAP-processed
samples exhibiting higher values than the AA samples.
Notably, in low-frequency ranges, higher impedance
values suggest a more effective corrosion barrier [63].
The equivalent circuit model fitted to impedance spectra
is presented in Figure 11a. The model comprises the fol-
lowing components: (Rs) representing the resistance of the
solution, (Rp) denoting the electric charge transfer resis-
tance at the phase boundary of the ZX30 alloy and the
solution, as well as the charge transfer resistance through
the double layer, and (CPE) refers to the constant phase
element that characterizes the electrical properties of the
double layer at the interface. The corresponding para-
meters fitted by the equivalent circuit are summarized in
Table 3. It is well-known that higher Rp values represent
less reactivity toward corrosion, so the AA sample pre-
sented a lower resistance to polarization (Rp =
232.8 Q-cm?), and on the other hand, samples ECAPed for
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Table 3: Electrical parameters of the EIS equivalent circuit

Condition Rs (Q:cm? Rp (Q.cm?)  CPE (F) N

AA 55.3 232.8 4.8623x107°  0.84
1P_90° 38.2 465.5 9.2171x10®  0.96
4Bc_90° 48.6 824.4 56815x107°  0.80
1P_120° 65.5 436 4.84x107° 0. 84
4Bc_120° 688 808 6.28 x 107° 0.81824

four passes — mainly those in 4Bc-90° condition — exhibited
very high Rp values up to 824.4 Ohm-cm?. This reflects the
significantly enhanced charge transfer resistance,
correlating with the refined microstructure that inhibits
corrosion propagation. As the CPE values are indicative
of capacitive behavior, with the 4Bc samples showing
lower CPE values (e.g., 5.6815 x 107 F for 4Bc-90°), sug-
gesting a more stable and protective oxide layer formed
on the surface. In the Bode plots shown in Figure 11b,
indicating phase angles show more capacitive response
in ECAP samples against AA confirmation that grain refine-
ment by ECAP reduce active area to be corroded. EIS
results are in good agreement with that obtained through
linear polarization data, showing a considerable enhance-
ment of corrosion resistance from grain boundaries
enrichment and homogenized/finer microstructure owing
to ECAP processing. Higher Rp values and lower capaci-
tance in the ECAPed samples insinuate reduced electroche-
mical activity, which agrees with a more stable protective
film formation that coincides well with the lower corrosion
rates/currents observed from the polarization data.

For further investigation, the weight loss test was con-
ducted in Ringer lactate for up to 15 days which is meant to
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Figure 11: EIS diagrams: (a) Nyquist plot coupled with the equivalent circuit and (b) Bode plot with phase angles of the AA and ECAPed billets of ZX30

alloy.
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give important insights into how the ECAP processing
affects the corrosion resistance of ZX30 alloy. The results
of the weight loss test are presented in Figure 12. By
comparing the trends between weight loss and linear
potentiodynamic polarization methods, more meaningful
conclusions were made concerning the interaction of grain
size, parameters of the ECAP processing, and corrosion
behavior. In the AA condition, the samples exhibit the
highest weight loss, reaching 14 mg after 360 h, which sug-
gests a significant degradation due to the coarse grain
structure and low grain boundaries that promote faster
corrosion. The lack of substantial grain refinement exposes
the surface to corrosive attack leading to gradual corrosion
of the material over a period.

On the other hand, samples subjected to ECAP proces-
sing show a significant improvement in corrosion resis-
tance and have decreased losses with increasing number
of passes. At 1P- 90° die angle, there is remarkable weight
loss decrease of 4.6 mg, suggesting that there is grain struc-
ture enhancement at this moment improving corrosion
resistance. The finer grains and the higher density of grain
boundaries enhanced slow-down of the rate of corrosion
since these acted as barriers to the diffusion of the corro-
sive agents. After 4Bc-90°, the weight loss further drops to
3 mg, this indicates increased protection from more refined
and homogenized microstructures. Such a well refined
grain structure created a more stable and homogenous
surface, which helped in reducing localized corrosion
and the rate of deterioration over time. Also, the samples
with a 120° die angle have positive changes with the weight
loss correcting itself to approximately 5.3 mg after one pass
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Figure 12: Mass loss of ZX30 alloy immersed in ringer’s lactate electro-
lyte before and after ECAP processing.
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(1P-120°) and it reduces further to 2.55 mg after four passes
(4Bc-120°). It can be summarized that both 90° and 120° die
configurations are better, as with the increase in number
of passes, corrosion resistance improves primarily due to the
grain size and microstructure homogeneity. Finer grains and
the increased grain boundary density act as effective barriers
against corrosion, slowing the rate of material degradation, as
reflected by the lower weight loss in these conditions. The
refined microstructure produced by ECAP, especially after
four passes, offers superior protection against corrosion in
corrosion environments, and further assistance for the alloys
making them suitable for biomedical applications where cor-
rosion protection is critical.

The weight loss results support the data concerning
linear polarized corrosion values, where the weight loss
and the current density decreased with the increase in
passes and decrease in die angle. These findings confirm
that the increase in level of grain refinement via ECAP
increases the corrosion resistance of the samples since
fine grained structures decrease the electro-active and
electrochemically susceptible surface areas.

Overall, ECAP processing significantly enhances the cor-
rosion resistance of the ZX30 Mg alloy; the primary factors
influencing this improvement are the die angle and the
number of passes applied during processing. These findings
suggest that alloys processed through ECAP could be suitable,
for applications that demand improved resistance against
corrosion, such as in implants and various components in
the sector which show a growing interest in utilizing Mg
alloys.

3.5 Mechanical behavior

The tensile and hardness results for the AA and ECAP-pro-
cessed samples using the Bc route are presented in Figure 13.
It is clear from Figure 13a that both the processing route and
the number of passes directly influence the yield strength
(oy), ultimate tensile strength (g,), and elongation to failure
(Ex%). The AA sample exhibits lower gy, and g, due to its
coarse-grained microstructure and the presence of secondary
phases along grain boundaries. After ECAP processing, the
mechanical properties improve as a result of the dissolution
of secondary phases [64]. As the number of passes increases,
both o, and o, increase, while Ex% decreases. However, the
die angle has a notable effect on these mechanical properties,
as seen in Figure 13b and c. For the one pass process, the
highest values for gy and g, are obtained with a 90° die angle,
both exhibiting enhancements of approximately 32% com-
pared to the AA condition. However, this improvement is
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accompanied by a decrease in Ex%, which dropped by about
20 and 9% relative to the AA and 1P-120° conditions, respec-
tively. Interestingly, this trend reverses under the 4-pass con-
dition (4Bc), where the 120° die angle yields the greatest
improvement in mechanical strength. After the 4Bc via the
120° die angle, o, reaches its maximum, showing a 56 and 26%
enhancement compared to the AA and 1P-120° conditions,
respectively. Notably, no significant difference is observed
between the 4Bc-120° and 4Bc-90° die angles, confirming the
4Bc route as the optimal processing condition for maximizing
strength while balancing grain refinement and strain hard-
ening, and avoiding excessive recovery. In the one pass con-
dition, dislocation multiplication raises dislocation density,
impeding further motion and strengthens the material.
With additional passes, there is a substantial increase in

DE GRUYTER

dislocation boundaries, leading to subgrains formation of
and a refined grain structure, consistent with the Hall-Petch
relationship [65,66]. As illustrated in Figure 13b and c, signifi-
cant grain size reduction is accompanied by mechanical
improvements. The transition from LABs to HABs further
enhances strength by restricting dislocation movement.
Vickers’ hardness results for the AA and ECAP-pro-
cessed ZX30 alloy, as shown in Figure 13b and c, reveal
that increasing the number of ECAP passes consistently
improves hardness. The highest hardness value, 92 HV, is
achieved with the 4Bc-120° die angle, representing
increases of 66 and 58% compared to the AA and 4Bc-90°
conditions, respectively. These mechanical results corre-
spond well with the observed grain refinement, texture
modification, and strain accumulation during ECAP. The

—
Q
N

400 -

Engineering Stress [MPa]

~
Die-90° Die-120°
AA 1P 1P
— 4B 4Bc

010 015 020 0.25 0.30

Engineering Strain

0.00 0.05
(b) G o
100 ;_;00': y “9-HV -9-GS 400 30
904 (930 Log
L 300 o
4 wmiL =
80 250 5 208
Z 704 200 & |15 &
(1505 |, —
60+ S 105
L 100 =
50 (s0 |5
40 ! } I 0 Lo
AA 4BC

1P
Sample

(c)

Mo, Mo, -@-HV -@-GS
100 400 30
Die-120°
90 350 {25
80 2% o208
b - [ )
-250§ -
2 704 £200 @ 115 £
L1505 [, —
60- SH10F
L 100 =
50 50 5
40 : | I 0 Lo
AA 1P 4BC

Sample

Figure 13: (a) Engineering stress-strain results from tensile tests of ZX30 samples processed under different conditions. (b) Hardness results and
extracted mechanical properties from (a), including grain size, for samples processed with a 90° die angle, and (c) for a 120° die angle.
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interplay between slip system activation and twinning also
influences texture formation, which subsequently affects
mechanical properties. The reduction in ductility following
ECAP processing is attributed to the crystal structure,
which plays an important role in dictating the mechanical
properties. However, in all studied conditions, elongation
to failure remains above 15%, reaching up to 26%. Figure
13a shows that the highest strength is achieved after four
Bc passes, while maintaining 26% ductility. This indicates
that although there is a classic tradeoff between strength
and ductility, increasing the number of passes allows for a
balanced improvement in both. A possible explanation for
the moderate ductility observed after four passes is the
homogeneous distribution of fine grains. This combination
of high strength and moderate ductility due to bimodal grain
size distributions has been reported in previous studies [67].
Furthermore, prior studies suggest that the variation in elon-
gation may reflect differences in microstructure anisotropy.
An isotropic microstructure promotes uniform deformation
and higher elongation, while an anisotropic microstructure
with elongated HABs may lead to early crack formation and
reduced elongation to failure [68].

4 Conclusion

This study investigates the evolution of microstructure, tex-

ture, electrochemical properties, and mechanical performance

in ZX30 alloy processed by ECAP under varying pass numbers
and die angles. Key findings are summarized as follows:

1) The ECAP process achieves substantial grain refine-
ment, with dynamic recrystallization reducing grain
size from 26.2 ym in the AA alloy to 2.2 and 1.9 pm after
4Bc for 90° and 120° die angles, respectively.

2) XRD analysis shows diffraction peaks mainly indexed to
the o-Mg phase, with secondary Ca,MgeZn; phases com-
prising approximately 3.5% of the alloy volume. After
ECAP, these phases dispersed and dissolved within the
Mg matrix, improving microstructural homogeneity.

3) The ECAP leads to peak broadening due to crystallite size
reduction and increased lattice strain, with initial crystal-
lite sizes decreasing by 57% (~64 nm) and 53% (~70 nm) for
the 90° and 120° dies, respectively, after one pass.

4) Processing through 4Bc using the 90° die and 120° die
results in a reduction of the corrosion rate by 93.4 and
94.2%, respectively compared to the AA condition.

5) The 4Bc process using the 90° and 120° dies shows sig-
nificant improvement in the polarization resistance,
increasing by 254 and 247%, respectively compared to
the AA condition.
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6) A 15-day immersion test in Ringer lactate solution
demonstrates improved corrosion resistance in ECAP-
processed samples. The AA condition exhibits the
highest weight loss (14 mg after 360 h), while the 4Bc
samples exhibit reduced losses of 3mg and 2.55 mg for
the 90° and 120° dies, respectively, corroborating the
linear polarization results.

7) Ultimate tensile strength increases from 240 MPa in the
AA alloy to 367 and 375.6 MPa after 4Bc for the 90° and
120° dies, respectively.

8) Hardness values rise from 56 Hv in the AA condition to
89 Hv and 93 Hv after 4Bc for the 90° and 120° die
angles, respectively.
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