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The influence of solution and aging heat-treatments on the corrosion behavior of a biodegradable
Mg-Y—-Gd—Zr alloy was investigated. Electrochemical behavior was assessed by potentiodynamic
polarization curves and electrochemical impedance spectroscopy in an aerated 0.9 wt.% NaCl solution
at 37 °C £ 0.1, complemented by SEM, EDS, and XRD analyses of corrosion-products. The as-cast
condition exhibited the highest polarization resistance and impedance modulus, attributed to a thicker
and more resistive corrosion-product layer, despite microstructural heterogeneity. Solution heat-treatment
(525 °C/24 h) homogenized the microstructure and shifted the corrosion potential to nobler values,
but produced a thinner, less protective film and reduced corrosion resistance. Among aged conditions,
aging at 250 °C for 100 h yielded the best performance, with higher polarization resistance and
impedance modulus values indicative of a more uniform and stable surface layer. Overall, the results
demonstrate that corrosion behavior is primarily governed by the stability and resistive character of the
corrosion-product layer, which is strongly controlled by the heat-treatment-induced microstructural state.
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1 Introduction

Magnesium and its alloys have attracted considerable
attention as bioresorbable implant materials due to their
unique combination of properties, including biocompatibility,
biodegradability, and anti-inflammatory, antitumor, and
antibacterial effects'. Unlike traditional permanent
implant materials, magnesium alloys exhibit low density
(1.4-2.0 g/cm?) and an elastic modulus (41-45 GPa) that
closely match those of cortical human bone, making them
particularly suitable for temporary orthopedic applications™*’.
However, pure magnesium presents critical limitations in
physiological environments, including rapid degradation
in chloride-rich media (pH 7.4-7.6). This degradation
compromises mechanical integrity and releases hydrogen
gas into the bloodstream, potentially leading to medical
complications®’. Overall, the degradation of Mg alloys
is strongly influenced by their low standard electrode
potential and high chemical activity, which make them
highly susceptible to galvanic corrosion in physiological
conditions. Moreover, the corrosion layer formed in such
environments is generally soluble and poorly protective,
resulting in porous structures upon exposure to chloride ions®.

To overcome these challenges, alloying magnesium with
rare earth elements (REEs) has been widely investigated as a

*e-mail: celiatomachuk@usp.br
Associate Editor: José¢ Daniel Biasoli de Mello.
Editor-in-Chief: Luiz Antonio Pessan.

strategy to enhance both corrosion resistance and mechanical
performance””'’. In general, REEs have standard electrode
potentials (SHE) that are comparable to or lower than that of
Mg (-2.37 V), such as Y (-2.47 V), Gd (-2.27 V), and Nd
(—2.32V). As aresult, REE-based phases typically exhibit low
potentials and cathodic behavior®. Among these, gadolinium
(Gd) is particularly effective: its high solubility in the Mg matrix
(23.5 wt.%) promotes both solid-solution strengthening and
age-hardening. When Gd atoms substitute for Mg atoms in the
lattice, the induced lattice strain hinders dislocation motion,
thereby improving yield strength''. However, the Mg, Gd phase
is more electrochemically noble than the Mg matrix, which can
accelerate localized galvanic corrosion. This undesired effect
can be mitigated by limiting Gd content to below 10 wt.%,
ensuring partial dissolution of the phase back into the matrix’.

Yttrium (Y) is also an effective alloying element due to
its electrochemical potential being close to that of Mg and
its hexagonal close-packed (HCP) crystal structure, which
allows for high solubility in the Mg matrix and promotes
significant grain refinement’. According to the Mg—Y phase
diagram, Mg can dissolve up to 4 wt.% Y at 200 °C and up
to 6 wt.% at 300 °C'%. Zhang et al.”* demonstrated that Y
addition leads to grain refinement, while the Mg, Y, phase
effectively reduces corrosion rates in chloride-containing
solutions. Liang et al.'* further reported that Y addition
enhances the corrosion resistance of Mg alloys by forming an
effective barrier against grain-boundary corrosion initiation.
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Specifically, Y decreases the number of intragranular
precipitates while promoting their segregation along grain
boundaries, thereby providing greater protection.

In addition to the improvements in corrosion behavior
and mechanical properties, the use of REEs in magnesium
alloys has been extensively evaluated from a biomedical
perspective. Several in vitro and in vivo studies'*"'* have
demonstrated that alloying Mg with REEs does not
compromise its biocompatibility when these elements are
added in controlled concentrations. Rare-earth elements
such as Y, Gd, and Nd have been reported to exhibit
acceptable biocompatibility, and the low ion release during
degradation of Mg—REE alloys remains within non-toxic
limits. These elements contribute to improved corrosion
control and mechanical stability, which are critical for
safe performance of biodegradable Mg-based implants'*>2.

Zirconium (Zr) is commonly employed as a grain refiner
in magnesium alloys. Despite its limited solubility in pure
Mg, undissolved Zr particles act as effective heterogeneous
nucleation sites during solidification, resulting in fine equiaxed
grains with characteristic hexagonal morphologies’. Small
additions of Zr (< 2 wt.%) have been reported to enhance
corrosion resistance, whereas excessive additions promote
the formation of insoluble particles within the matrix, which
in turn deteriorate corrosion performance®**,

The corrosion behavior of biodegradable magnesium alloys
is influenced by several factors, including microstructural
features (grain size, grain boundaries, and phase distribution),
surface characteristics, and the surrounding environment™.
Heat-treatments, particularly solution and aging treatments,
are widely applied to tailor the microstructure and enhance
corrosion resistance. Solution treatment involves heating the alloy
to a prescribed temperature, holding it for a specific duration,
and rapidly quenching to dissolve precipitates or segregations
that may serve as corrosion initiation sites. Subsequent aging
can further improve the alloy’s performance by promoting
precipitation hardening and optimizing phase distribution.

For Mg—Gd and Mg—Y-based alloys, achieving optimal
peak-aging conditions typically require long aging durations
(40 h— 120 h) due to the slow diffusion of Gd and other REEs
in the Mg matrix'®. Binary Mg—Gd alloys with Gd contents
below 10 wt.% generally exhibit limited precipitation hardening.
However, the addition of other REEs, such as Y, enhances the
age-hardening behavior and reduces the total REE content
needed, making multi-REE Mg alloys a promising strategy
to balance lightweight characteristics with high strength.

In this study, a Mg—Y—Gd—Zr alloy was fabricated and
systematically characterized, with a focus on microstructural
evolution, age-hardening behavior, and corrosion performance.
The findings offer valuable insights into how heat treatments
and alloying elements affect the properties of biodegradable
magnesium alloys, providing guidance for enhanced biomedical
applications while addressing ongoing challenges related to
corrosion resistance and mechanical integrity.

2 Experimental Procedures

2.1. Alloy fabrication and solution heat-treatment

An Mg alloy ingot with the nominal composition
Mg—4.8Y-2.8Gd—0.7Zr was produced using high-purity raw
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materials: Mg (> 99.97%), Y (99.95%), Gd (99.95%), and Zr
(99.9%). The nominal alloy composition was defined based
on thermodynamic simulations performed using Thermo-
Calc® software, incorporating databases for the Mg—Y—Gd”’,
Mg-Zr*, Gd— Zr”, and Y-Zr*" systems. These calculations
provided a rational and thermodynamically validated basis
for alloy design.

The alloy was melted at 850 °C in a stainless-steel
crucible using an electric resistance furnace under a controlled
argon atmosphere (min. 99.995%) to prevent oxidation and
contamination. The molten alloy was stirred continuously for
15 min to ensure chemical homogeneity before being poured
into a preheated graphite mold (75 x 55 x 15 mm). The ingot
and mold were allowed to cool to room temperature under
argon flow, maintaining alloy purity during solidification.
The ingot was studied in the as-cast as well as heat-treated
conditions to specifically investigate the effects of solution
and aging heat-treatments on the original solidification
microstructure and corrosion behavior, avoiding influences
from prior plastic deformation.

As-cast samples were subjected to solution heat-treatment
to homogenize the microstructure and dissolve segregated
secondary phases. The treatment consisted of heating at
525 °C for 24 h in a sealed quartz tube under an argon
atmosphere to prevent oxidation, followed by rapid water
quenching to retain the homogenized structure and suppress
undesired precipitation.

2.2. Age-hardening behavior

The solution heat-treated samples were aged at 250 °C
for 1 h, 10 h, 30 h, 60 h, 100 h, and 200 h under an argon
atmosphere (min. 99.995%) in sealed quartz tubes to prevent
oxidation and ensure consistent thermal conditions. After aging,
samples were water-quenched to preserve the microstructural
modifications induced by the heat treatment. This temperature
and time range was selected to capture the classic precipitation-
controlled age-hardening response of Mg—REE alloys® and
to construct the corresponding age-hardening curve.

The age-hardening curve was determined from Vickers
microhardness measurements using a Buehler Micromet 2004
tester with a 100 gfload and a 15 s dwell time. For statistical
reliability, 30 measurements were taken at randomly selected
locations on each sample for every aging condition. This
approach was employed to identify the treatment offering
the optimal balance between mechanical performance and
corrosion resistance. A similar methodology was reported by
Freitas et al.*” for Mg-based alloys developed for biomedical
applications. The experimental design also enabled a direct
correlation between the hardening behavior and corrosion
performance, providing a mechanistic framework to assess
how microstructural strengthening influences degradation
pathways in Mg alloys.

2.3. Microstructural characterization

The samples were characterized in terms of semi-
quantitative and qualitative chemical composition, phase
constituents, and corrosion products using a Hitachi Tabletop
Scanning Electron Microscope (SEM, TM3000 series)
equipped with an Energy Dispersive X-ray Spectrometer
(EDX) operating in Backscattered Electron (BSE) mode.
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Grain size measurements were performed on etched samples
using a Leica DM 4000M Light Optical Microscope (LOM),
following the Heyn intercept method (ASTM E112-24(2024))*.
Image analysis for microstructural and corrosion layer
characterizations were conducted according to ASTM
E1382-97(2023)*, which provides statistically reliable results
based on systematic intercepting counting.

For microstructural characterization, at least five micrographs
were analyzed per condition to ensure reproducibility, while
for EDS measurements, at least three areas were analyzed
per condition. EDS analyses were performed in conjunction
with the SEM system using magnifications of 100x and
2000x. In addition, to assess the chemical homogeneity of
the produced ingots, at least three EDS area measurements
were performed in the upper, central, and lower regions of
the ingot cross-section.

For LOM and SEM analyses, samples were ground with
SiC abrasive papers up to 4000 grit, polished with 1 pm
diamond suspension, and etched using a solution of 6 g
picric acid in 100 ml ethanol, 6 ml acetic acid, and 10 ml
distilled water. This etching procedure effectively revealed
grain boundaries and phase constituents, enabling reliable
microstructural evaluation.

To identify corrosion products, X-ray diffraction (XRD) analysis
was performed using a PANalytical Empyrean diffractometer
with Mo-Ka radiation, operating at 40 kV and 30 mA. Scans
were conducted over a 20 range of 12°-35° with a step size
of 0.02° and a counting time of 150 s per step. Diffraction
patterns were analyzed against the Inorganic Crystal Structure
Database (ICDD) to identify secondary phases formed during
solidification and heat treatment, supporting the interpretation
of microstructural evolution and corrosion products.

2.4. Electrochemical tests

Electrochemical measurements were performed using a
three-electrode cell configuration, consisting of an Ag|AgCl/
(KCI_, ) reference electrode, a platinum grid counter electrode,
and the alloy samples (exposed area: 1.5 cm?) as the working
electrode. Prior to testing, samples were prepared by sequential
grinding with SiC papers (320-4000 grit), polishing with
1 um diamond paste, ultrasonic cleaning in ethanol, and
drying in warm air. These preparation steps ensured a smooth
and uniform surface, minimizing artifacts that could affect
corrosion dynamics.

Electrochemical tests were conducted in a quiescent,
aerated 0.9 wt.% NaCl solution prepared from analytical-grade
reagents and deionized water (pH 7.4 £ 0.2), maintained at
37 °C + 0.1 °C, without prior deaeration, in order to better
reproduce physiological conditions.

Potentiodynamic polarization curves were recorded after
stabilizing the open-circuit potential (E ) in the electrolyte.
The polarization scan began at —0.5 V vs. Ag|AgCl/(KCI_ )
relative to E_, ata sweep rate of 1 mV.s™*>* and ended when
the total current reached 0.1 A to minimize artificial surface
damage’’. Measurements were obtained using a Solartron
1287A potentiostat controlled by CorrWare® software,
with subsequent data fitting and analysis performed using
CorrView® software (Scribner Associates). Experimental
parameters were chosen to minimize artifacts and ensure
reliable evaluation of anodic and cathodic behaviors.

Electrochemical Impedance Spectroscopy (EIS) was
performed after 30 min of stabilization at open-circuit
potential. A sinusoidal AC perturbation of 10 mV (rms) was
applied over a frequency range of 10 kHz to 10 mHz, with
data acquired at 10 points per decade. Experiments were
performed using a Solartron 1287A potentiostat/galvanostat
coupled with a 1260 frequency response analyzer (FRA). Data
was processed using ZView® and ZPlot® software (Scribner
Associates), with equivalent circuit modeling employed to
elucidate corrosion mechanisms. All measurements were
performed inside a Faraday cage to minimize electromagnetic
interference.

The corrosion potential was monitored before and after
each test. Any significant deviation indicated instability,
requiring adjustments to the experimental setup or additional
stabilization time.

After electrochemical testing, corrosion products were
removed by immersing samples in a solution of 200 g-L"!
CrO,+10 gL' AgNO, at 23 °C +2 °C for 1 min, following
ASTM G1-25%. Cleaned surfaces were subsequently examined
by SEM/EDS to evaluate corrosion morphology and identify
residual products.

3. Results and Discussion

Table 1 presents the semi-quantitative chemical
composition of the Mg—Y—-Gd—Zr alloy, determined by
Energy-Dispersive X-ray Spectroscopy (EDS), as well as the
intended manufacturing values. Magnesium and gadolinium
concentrations closely match the targets, demonstrating
consistency in the overall alloy composition. However, the
yttrium concentration is slightly lower than the theoretical
value, which may influence the formation of secondary
phases such as Mg (Gd,Y) and Mg, Y,, with potential
impacts on alloy properties'’. In addition, the zirconium
content is significantly below the target value. Because Zr
plays a key role in grain refinement during solidification,
its reduced concentration does not affect the interpretation
of the heat-treatment-induced microstructural evolution
addressed in this work. Thus, the final alloy composition
obtained was Mg—4.1Y-2.8Gd-0.1Zr (wt.%).

3.1. Microstructure in the as-cast and solution
heat-treated conditions

Figure 1 illustrates the microstructure of the Mg—Y-Gd—Zr
alloy in the as-cast condition. Phase segregation is evident,
characterized by light-colored particles homogeneously
distributed in the interdendritic regions. These features
reflect a non-uniform distribution of alloying elements and
the presence of secondary phases. While such phases can act

Table 1. EDS semi-quantitative chemical analysis results of the
produced alloy: measured data and nominal values.

Measured composition ~ Nominal composition

Elements

(Wt.%) (Wt.%)
Mg 93.0+£0.2 91.7
Y 41+0.1 4.8
Gd 2.8+0.2 2.8
Zr 0.1+0.1 0.7
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Figure 1. SEM/BSE micrograph of the Mg—4.1Y-2.8Gd-0.1Zr alloy in the as-cast condition.

as barriers to corrosion by limiting anodic dissolution and
influencing localized electrochemical behavior **, the as-cast
microstructure generally exhibits suboptimal mechanical
properties. This is primarily due to the coarse dendritic grains,
uneven phase distribution, and stress concentration sites
at interdendritic regions, which can reduce yield strength,
ductility, and fatigue resistance*’.

The microstructure of the alloy after solution heat-treatment
at 525 °C for 24 h is shown in Figure 2. In Figure 2a, the
previously observed dendritic structure is no longer present,
confirming the homogenizing effect promoted by the solution
heat-treatment.

According to Nodooshan et al.*! and Gao et al.*’,
Mg—REE alloys typically exhibit an a-Mg matrix (HCP)
containing secondary phases such as Mg (Gd,Y) segregated
along grain boundaries, irregular Y-rich compounds (e.g.,
MgY, Mg, Y /), and Zr-rich precipitates distributed within
the matrix and around the secondary phases. However, in
the present work these phases could not be clearly, which
is consistent with their dissolution into the a-Mg matrix
during homogenization. Under these conditions, REEs are
redistributed in solid solution, and their associated phases
may fall below the spatial and compositional resolution
limits of SEM/EDS and XRD. This behavior does not
indicate loss of REEs, but rather reflects their effective
solubilization, as expected for properly conducted solution
heat-treatments.

These phases are reported to influence corrosion behavior
because Y, Gd, and Zr, whether as intermetallics or in elemental
form, are less electrochemically active than Mg, acting as
cathodes and promoting localized galvanic corrosion®*,
Liu et al.** showed that in 0.1 mol-L! NaCl solution, higher Y
content increase corrosion due to the presence of Y containing
intermetallics; however, in 0.1 mol-L"' Na SO, solution,
Y contents above 3 wt.% reduced corrosion, attributed to
the formation of a more protective surface film despite the
presence of intermetallic phases.

Given Gd’s high solubility in Mg, solid-solution
strengthening may be favored, whereas Y and Zr can contribute
to grain refinement and localized passivation, thus reducing
the active surface area and mitigating galvanic effects.

Figure 2. (a) SEM/BSE and (b) LOM micrographs of the Mg—4.1Y—
2.8Gd-0.1Zr alloy after solution heat-treatment at 525 °C for 24 h.

Figure 2b (LOM) reveals an equiaxed grain structure with
an average grain size of 135.7 pm £ 4.1 pm. Microstructural
parameters such as grain size and phase distribution are critical
factors governing the corrosion behavior of Mg alloys*’.
In this work, the focus was on overall corrosion behavior;
therefore, a detailed characterization of precipitates and
their local electrochemical effects was considered beyond
the scope of this study.
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Additional supporting data related to phase identification
and thermodynamic prediction are provided in the
Supplementary Material.

3.2. Age-hardening behavior

Aging treatments were applied exclusively to samples that
had been previously solution heat-treated at 525 °C for 24 h.
Figure 3 shows the aging curve of the Mg—Y-Gd-Zr alloy
at 250 °C for various times. After 100 h, the alloy reached a
peak hardness of 80 HV + 5 HV, corresponding to an increase
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Figure 3. Hardness evolution of the Mg—4.1Y-2.8Gd—0.1Zr alloy
during aging at 250 °C
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of approximately 25% compared to the solution heat-treated
sample at 525 °C for 24 h, which had a hardness of 64 HV +
4 HV, while the as-cast condition got a hardness of 67 HV +
4 HV. The specimen aged for 200 h showed a hardness value
close to that of the 100 h condition (77 HV + 6 HV). The
scatter observed in the hardness values can be attributed
to local variations associated with the interaction between
the indenter and the dispersed precipitates, whose spatial
distribution is not uniformly sampled during each indentation.

Age hardening is likely governed by the combined effects
of precipitate size, precipitate volume fraction and grain
size. Qualitative observations from Figures 4a—b show that
the 200 h aged sample contains a greater number of large
precipitates compared to the 100-h aged sample. Grain
size is also influenced by aging: the 100-h aged sample has
an average grain size of 86.4 um = 2.5 pum, whereas the
200-h aged sample exhibits a significantly larger average
grain size of 124.6 pm =+ 28.7 pm, with abnormal grain
growth contributing to the increased variability in grain size
(Figures 4c—d). Despite the smaller grain size at 100 h, these
findings are consistent with Xu et al.**, who reported that, for
Mg—Gd—Zr alloys with similar Gd contents, hardness was
nearly insensitive to grain size, while hardness increased
linearly with Gd content due to precipitation of second
phases. Likewise, Anyanwu et al.* found that fine precipitates
primarily drive age hardening in Mg—Y—Gd-Zr alloys as Gd
content increases, whereas higher Y contents are associated
with improved elongation. Overall, fine precipitates play the
primary role in hardness improvement during aging, while
grain size exerts a secondary influence.

Figure 4. SEM/BSE and LOM micrographs of the Mg—4.1Y-2.8Gd-0.1Zr alloy after solution heat-treatment at 525 °C for 24 h and

subsequent aging at 250 °C for (a,b) 100 h and (c,d) 200 h.
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3.3. Electrochemical behavior of the alloy in
the as-cast, solution heat-treated and aged
conditions

Open-circuit potential (E ) measurements provide insight
into the initial surface reactivity and the early evolution
of corrosion products at the alloy/electrolyte interface™.
The initial and stabilized E_ values obtained in an aerated
0.9 wt.% NaCl solutionat 37°C + 0.1 °C (pH 7.4 £ 0.2), are
presented in Table 2. For all conditions, E__ shifted toward
more positive values during the first minutes of immersion,
indicating progressive formation of a non-conductive
corrosion-product layer that modifies the electrical double
layer®'. In chloride-containing media, this layer remains
only partially protective due to continuous destabilization
by CI” ions*,

At the moment of immersion (t = 0 min), the as-cast
and solution heat-treated samples exhibited slightly more
negative potentials (—1.72 V and —1.69 V vs. Ag|AgCl/
(KCI_, ), respectively), indicating higher initial surface
reactivity associated with microstructural heterogeneity
and exposure of secondary phases (Figures 1 and 2).
After 30 min, E_ values for all conditions converged to a
narrow range (—=1.59 V to —=1.54 V vs Ag|AgCI/(KCI_)),
suggesting that different microstructural states evolve toward
comparable thermodynamic surface conditions under the
present exposure time.

Figure 5 shows anodic and cathodic potentiodynamic
polarization curves after potential stabilization for the as-cast
alloy, the solution heat-treated at 525 °C for 24 h, and the
aged samples. In all conditions, the anodic branches exhibit
sustained activity, characterized by a near-linear potential
increase followed by arise at approximately —1.3 V/Ag|AgCl/
(KC1,,.), indicating the absence of stable passivation and
continued Mg dissolution in neutral chloride solution. In
the cathodic branch, intense gas evolution introduces signal
fluctuations that limit the reliability of Tafel extrapolation,
as well-known limitation for Mg under these conditions™.

The electrochemical parameters: corrosion potential
(E,,,), corrosion current density (j,, ), and polarization
resistance (Rpp) obtained by Tafel extrapolatlon method,
are summarized in Table 2. Due to signal fluctuations
associated with hydrogen evolution, these values are treated
as semi-quantitative and are discussed primarily in terms of
comparative trends, as commonly reported for Mg alloys
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tested under similar testing conditions®** -R, was calculated
using the Stern—Geary relationship (Rpp = B/_] ), where B
depends on the anodic and cathodic Tafel slopes 3436,

A direct comparison between the as-cast and solution
heat-treated conditions shows that, although theirj__values
remain within the same order of magnitude, the as-cast
alloy presents a substantially higher R, (798 Q-cm?) than
the solution heat-treated sample (413 Q c¢m?). This result
indicates that similar j__ values do not necessarily imply
identical interfacial conditions, since R, depends not only on
Joor, DUt also on the polarization slopes, which are influenced
by surface-layer characteristics and microstructural effects
on anodic/cathodic kinetics. In the aerated medium, the
observation of H, bubbles confirms the occurrence of water
reduction; at the same time, oxygen reduction may proceed
concurrently, as expected in neutral chloride solutions* >,

Among the aged conditions, the 100 h sample exhibits the
lowestj_(0.45 mA-cm?)and the highest R (88.9 Q-cm?).
Considering the semi-quantitative nature of the polarization
data, this result is discussed as a comparative indication
within the aged series. Corrosion behavior is governed
by the microstructural state achieved during precipitation
rather than by aging time alone. Short aging times (1-10 h)
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Figure 5. Potentiodynamic polarization curves obtained of the
Mg—4.1Y-2.8Gd-0.1Zr alloy in the as-cast, solution heat-treated
(525 °C/24 h), and aged conditions in an aerated 0.9 wt.% NaCl
solution at 37 °C £ 0.1°C.

Table 2. Electrochemical parameters (Eoc, Ecorr, jeorr) and polarization resistance (Rpp, determined by the Stern—Geary equation) for
the as-cast, solution heat-treated, and aged conditions Mg—Y-Gd-Zr alloy samples obtained in an aerated 0.9 wt.% NaCl solution at

37°C+0.1°C.
E t=0 min E, t=30 min Ecorr .

Samples (V/AZAGCI(KCI ) (V/AgAgCI(KCL, )  (V/AglAgCI(KCl,)) 1% (mA-cm?)  Rpp (Q-em?)
As-cast 172 159 143 0.04 798
525°C-24h -1.69 -1.58 -1.35 0.05 413
Aged | h -1.60 -1.58 -1.35 1.03 388
Aged 10 h -1.55 -1.54 131 0.73 54.8
Aged 30 h 159 158 137 1.95 20.5
Aged 60 h -1.54 -1.55 127 0.96 417
Aged 100 h -1.61 -1.56 -1.38 0.45 88.9
Aged 200 h 157 -1.55 124 0.95 421
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are consistent with an early stage of precipitation, whereas
excessive aging (200 h) is commonly related to precipitate
coarsening and increased interfacial heterogeneity. In n
contrast, the 100 h condition corresponds to a precipitate
size and spatial distribution that, according to established
literature for Mg-REE alloys, more effectively mitigates
galvanic coupling and favors the development of a more
resistive surface layer among the aged states”' >,

Electrochemical impedance spectroscopy (EIS) was
carried out under the same exposure conditions after E_
stabilization (30 min). Figure 6 presents Nyquist (Figure 6a)
and Bode plots (Figures 6b—c) for all conditions.

The impedance spectra exhibit the typical characteristics
of magnesium alloys in chloride media, consisting of by two
capacitive processes followed by a low-frequency inductive
100p37‘3‘)A45.5‘)—61.

In the Nyquist plot (Fig. 6a), two capacitive arcs are
observed before the onset of the inductive loop. In contrast,
the phase-angle diagram (Fig. 6¢) shows a single broad
maximum. As discussed by Mansfeld®’, when time constants
occur in close frequency ranges and exhibit non-ideal capacitive
characteristics, their phase angles may merge into a single
broadened maximum, particularly in the presence of low-
frequency inductive loop. Similar observations for Mg alloys
have been reported by Liu et al.*” and Orazem and Tribollet™.
Accordingly, the identification of two capacitive processes is
supported primarily by the Nyquist diagram and the change of
the |Z| curve in the Bode magnitude plot (Figure 6b).

The as-cast alloy exhibits the largest Nyquist arc and
higher impedance values in the medium-frequency range,
indicating a more resistive interfacial condition than the
solution heat-treated state. Within the aged series, the 100 h
sample presents the highest impedance modulus, whereas
the 10 h condition shown the lowest |Z| values, confirming
that the impedance behavior is strongly governed by the
microstructural state, which controls the formation and
stability of the corrosion-product layer.

Equivalent-circuit analysis was performed using ZView®,
following the approaches reported by Srinivasan et al.”’, and
Liuetal.”, Ascencio et al.”, Guadarrama-Mundz et al.*' (Figure 7).
The chi-squared (y?) values were <3.9x1073, confirming the
quality of the fits and fall within the typical range reported
for Mg alloys (107°-107%).

In the adopted equivalent circuit, R_ represents the
electrolyte resistance. R ~CPE, pair is associated with the
high-frequency capacitive process attributed to the corrosion-
product layer, whereas R,~CPE, corresponds to the medium-
frequency capacitive process related to charge transfer at the
film/substrate interface. The inductive elements (L and RL)
describe the low-frequency inductive loop commonly reported
for Mg corrosion in chloride media***-"¢-**_ Because the
inductive loop is weak in most conditions, the quantitative
discussion focuses on the resistive and capacitive parameters.

The fitting results (Table 3) show that the as-cast alloy exhibits
higher polarization resistance (Rp =R +R,=53.96 Q-cm’) than
the solution heat-treated sample (27.20 Q-cm?), corroborating
with both the impedance spectra and the polarization data
(Table 2). Whitin the aged series, R, increases relative to
the solution heat-treated condition, with the 100 h sample
the highest value (42.74 Q-cm?), although still lower than
the as-cast state (53.96 Q-cm?). These results indicate that

aging improves the interfacial condition compared with the
solution heat-treated state but does not exceed the resistance
associated with the thicker corrosion layer formed on the
heterogeneous as-cast surface under the present exposure time.

Overall, the electrochemical results indicate that corrosion
behavior is governed by the stability and resistive character
of'the corrosion-product layer, which are strongly controlled
by the microstructural state induced by heat treatment.
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Figure 6. Electrochemical impedance spectra of the Mg—4.1Y—
2.8Gd-0.1Zr alloy in the as-cast, solution heat-treated (525 °C/24 h),

and aged conditions in an aerated 0.9 wt.% NaCl solution at
37 °C £ 0.1°C: (a) Nyquist, (b) Bode, and (c) phase-angle plots.
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Figure 7. Equivalent electric circuit used to fit the experimental EIS data of the Mg—4.1Y-2.8Gd-0.1Zr alloy immersed in an aerated

0.9 wt.% NaCl solution at 37 °C £ 0.1 °C.

Table 3. Fitting parameters obtained from EIS data for the as-cast, solution heat-treated (525 °C/24 h), and aged Mg—Y-Gd—Zr alloy
conditions, using the equivalent circuit shown in Figure 7 (3> < 3.9x107).

Samples R, (Qem’) R (Qcem?) R, (Qem?) R{éRc‘;l})z) @ liIr)ll-EclmQ) n, ( Q-liIl”l%m-Z) n,
As-cast 18.69 11.70 42.26 53.96 59.7x10° 0.72 3.8x10° 0.80
525°C-24h 21.02 8.67 18.53 27.20 78.3x10° 0.61 7.3x10° 0.68
Aged 1 h 19.62 8.21 7.09 15.30 1.7 x10* 0.66 7.3x10° 0.67
Aged 10 h 15.35 6.94 6.69 13.63 2.5 %10 0.82 10.7x10° 0.70
Aged 30 h 15.86 9.90 9.53 19.43 1.6 x10* 0.62 7.0 x10° 0.66
Aged 60 h 21.32 7.93 9.04 16.97 1.1 x10* 0.74 4.7 x10° 0.73
Aged 100 h 20.81 14.5 28.24 42.74 2.8 x10* 0.89 5.2 x10° 0.83
Aged 200 h 20.04 3.73 8.53 12.26 1.8 x10* 0.68 4.5 x10° 0.66

3.4. Corrosion products and substrate
morphology after potentiodynamic
polarization measurements

Corrosion products and substrate morphology were
examined after the potentiodynamic polarization measurements
conducted in aerated 0.9 wt.% NaCl solution at 37 °C +
0.1 °C. This analysis aimed to correlate the electrochemical
behavior with corrosion-layer formation and with substrate
degradation features revealed after chemical removal of the
corrosion product.

Both as-cast and solution heat-treated samples exhibited
fully corroded surfaces characterized by cracked regions
interspersed with more compact areas and dispersed white
precipitates, as exemplified for the 525 °C/24 h sample
in Figures 8a—b. The cracking is attributed to hydrogen
evolution during corrosion, which induces internal stresses
within the corrosion layer. This morphology agrees with
reports describing a thin MgO film covered by a thicker,
porous Mg(OH), layer on corroded magnesium surfaces®.
The dispersed white precipitates act as cathodic phases,
promoting localized dissolution of the a-Mg matrix®.

EDS analysis (Figure 8c) shows that the corrosion
layer is predominantly composed of Mg and O, with minor
contributions of Cl and rare-earth elements. The low peak
intensities of Y and Zr, despite their nominal alloy contents,
are attributed to the predominance of Mg(OH),/MgO in the
outer corrosion layer and to the preferential retention of
REE-rich phases near the alloy/corrosion-layer interface
rather than within the external corrosion products. This
interpretation is corroborated by the XRD pattern (Figure 8d),
which identifies a-Mg, MgCl,, and Mg(OH), as the main
corrosion products, with no clear evidence of REE oxides
in the outer layer.

After removal of corrosion products, the substrate
exhibited large pits (Figure 8e). At higher magnification
(Figure 8f), ditches within the a-Mg phase filled with
aligned hydrogen pores are observed®, evidencing localized
dissolution associated with hydrogen evolution.

Aged samples exhibited a distinct corrosion morphology.
As shown for the 100 h condition (Figure 9a-b), the corrosion
layer consists of compact regions combined with a fine,
uniform porous structure presenting “petal-like” features,
similar to morphologies reported for Mg—Y—Zn—Zr alloys®’.
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Figure 8. Surface and corrosion-product characterization of the solution heat-treated Mg—4.1Y-2.8Gd-0.1Zr alloy (525 °C/24 h) after
potentiodynamic polarization measurements in an aerated 0.9 wt.% NaCl solution at 37 °C + 0.1 °C. (a) SEM/BSE image of the corroded
surface before removal of corrosion products; (b) higher-magnification view of the region highlighted in (a); (¢) EDS spectrum acquired

from the corrosion layer; (d) XRD pattern of the corrosion products; (¢) SEM/BSE image of the substrate after complete removal of
corrosion products; (f) higher-magnification SEM/BSE image of the cleaned substrate showing localized attack features.

This morphology differs markedly from the cracked
pattern observed for the as-cast and solution heat-treated
conditions.

EDS results (Figure 9¢) show relatively higher contents
of Cl,'Y, and Gd within the corrosion layer compared with
the non-aged conditions. The XRD pattern (Figure 9f) shows
peaks corresponding to a-Mg (HCP), MgCl,, Mg(OH),,
MgO, and YZrO,.,. However, the precise stoichiometry

Intensity (a.u.)

® Mg (HCP)
® MgCl,
= Mg(OH),

T T T
30 32 34
260

of the YZrO,., phase requires further investigation, its
presence indicates participation of REE-rich phases in the
corrosion process for the aged conditions.

After removal of corrosion products, the substrate
exhibited localized corrosion with large pits (Figure 9d).
At higher magnification (Figure 9¢), ditches associated
with hydrogen evolution are observed, similar to those in
the as-cast and solution heat-treated samples®.
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Figure 9. Surface characterization of the Mg—4.1Y-2.8Gd-0.1Zr alloy aged 100 h at 250 °C after potentiodynamic polarization measurements
in an aerated 0.9 wt.% NaCl solution at 37 °C + 0.1 °C: (a,b) SEM/BSE micrographs of corrosion products before cleaning; (c) EDS
spectrum; (d,e) SEM/BSE micrographs of the substrate after cleaning; and (f) XRD pattern of the corrosion layer.

4. Conclusions

The corrosion behavior of the Mg—4.1Y-2.8Gd-0.1Zr
alloy (wt.%) in aerated 0.9 wt.% NaCl solution at 37 °C +
0.1 °C were evaluated for the as-cast, solution heat-treated, and
aged conditions using potentiodynamic polarization curves,
impedance measurements, and surface characterization.

The as-cast condition exhibited the highest polarization
resistance and impedance modulus, associated with formation
of a thicker corrosion layer, although its heterogeneous
surface favored localized attack. Solution heat-treatment
(525 °C/24 h) shifted to potentials to more noble values but
produced a thinner and less resistive corrosion layer, resulting
in lower Rp and Rpp values. Among the aged conditions,
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aging at 250 °C for 100 h provided the highest R, and the
most uniform interfacial condition, whereas shorter aging
times and overaging (200 h) resulted in more heterogeneous
surface films and lower resistance to charge transfer.

These findings emphasize the importance of microstructural
control in optimizing the corrosion characteristics of Mg—Y—
Gd—Zr alloys for biodegradable applications.
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The following online material is available for this article:

Figure S1 - XRD patterns of the Mg—Y—-Gd—Zr alloy in the as-cast, solution heat-treated (525 °C/24 h), and aged
(100 h and 200 h) conditions.

Figure S2 - Thermodynamic prediction of phase evolution during solidification of the Mg—Y—Gd-Zr alloy obtained
by Thermo-Calc® using the Scheil-Gulliver approach.



