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Abstract

Mg-Zn alloys are a promising type of biodegradable material for orthopedic devices,
combining the natural advantages of Mg with the properties provided by Zn. This study
examines how temperature affects the behavior of three MgxZn alloys (x = 1.4: 6.1 and 7.8)
obtained by induction levitation. Normal temperatures of 20-25 °C and 40 °C simulating
fever conditions were selected. Microstructural characterization and microhardness tests
were conducted to characterize the alloys. Corrosion behavior was analyzed by open circuit
potential, linear polarization, and electrochemical impedance spectroscopy. The balance
between matrix softening and intermetallic formation becomes more sensitive when the
alloys are exposed to elevated temperatures when microstructural heterogeneities become
more influential. Although higher Zn content can facilitate the formation of more stable
Zn-rich films, excessive Zn content, as in the 7.8%Zn alloy, also promotes micro-galvanic
corrosion through increased MgZn intermetallic phase content, meaning that temperature
amplifies both the beneficial and detrimental effects of Zn.

Keywords: levitation induction melting; Mg-Zn alloys; microstructure; microhardness;
corrosion

1. Introduction

The rising incidence of musculoskeletal injuries and degenerative diseases caused by
a growing number of road accidents, sports-related injuries, osteoporosis, osteoarthritis, or
aging has substantially increased the clinical demand for orthopedic implants [1,2]. Because
of their mechanical strength, corrosion resistance, and proven biocompatibility, metallic
biomaterials including stainless steel, titanium and its alloys, and cobalt-chromium alloys
have historically dominated the area [3-5]. These materials have enabled successful clinical
outcomes in bone fracture fixation, joint replacement, and spinal stabilization. However,
their application is accompanied by several inherent drawbacks such as carcinogenicity,
irritation, and allergy [6,7]. Conventional metallic implants are biologically inert and non-
degradable, often necessitating a secondary surgical intervention for removal once bone
healing is achieved. For example, biodegradable FeMnSi alloys have been studied as a
new material for orthopedic applications [8]. Nevertheless, most metallic materials have
a higher elastic modulus than natural cortical bone, which leads to stress shielding. This
impairs load transfer between the implant and bone, resulting in bone resorption, delayed
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fracture healing, and an increased risk of implant loosening. Furthermore, long-term
implantation increases the likelihood of infection and poor osseointegration, imposing
both physical and financial burdens on patients. To overcome these limitations, synthetic
polymers have been explored as alternatives [9], yet their limited mechanical performance,
toxic degradation by products, and insufficient osteointegration restrict widespread clinical
application. Similarly, while bioceramics offer excellent bioactivity [10,11], their brittleness
limits load-bearing applications. Therefore, there is growing interest in biodegradable
metals, which combine the load-bearing capacity of conventional metallic biomaterials with
the ability to safely degrade in vivo, thus eliminating the secondary surgical interventions
required for their removal.

Among all the available candidates, magnesium (Mg) has emerged as the most promis-
ing biodegradable metallic biomaterial [12]. Mg offers a unique combination of properties
highly desirable for orthopedic applications: low density (1.74-2.00 g/cm3) comparable
to natural bone, an elastic modulus (41-45 GPa), which is comparable to that of natural
bone (10-30 GPa) and which minimizes stress shielding [13] and provides sufficient tensile
strength (100-200 MPa) for temporary fixation devices [14-16]. Beyond mechanical com-
patibility, Mg is the fourth most prevalent cation in the human body and is crucial for many
physiological processes, including enzymatic activity, protein synthesis, energy metabolism,
and DNA processing. Importantly, Mg ions released during corrosion stimulate osteoblast
differentiation, upregulate osteogenic gene expression, and promote angiogenesis, thereby
facilitating bone regeneration [17]. Additionally, Mg ions can regulate osteoclast activity,
limit excessive bone resorption, and support balanced bone remodeling.

Despite these advantages, the clinical application of pure Mg remains limited by
several critical shortcomings. The most significant challenge is its rapid and uncontrolled
corrosion in physiological environments, especially in bodily fluids that are high in chlo-
ride [18]. Excessive degradation can result in premature loss of mechanical integrity,
preventing the implant from maintaining structural support during the healing period.
Moreover, the corrosion of Mg generates hydrogen gas, which accumulates in the sur-
rounding tissue as gas pockets, potentially delaying healing and inducing inflammatory
responses [19,20]. The localized and inhomogeneous nature of Mg corrosion further compli-
cates its clinical performance, making it difficult to predict degradation behavior. Beyond
corrosion, the relatively low formability and strength of pure Mg also restrict its use in
demanding orthopedic applications.

These concerns have motivated the search for safe alloying elements that not only
improve the performance of Mg but also maintain or enhance biocompatibility. Among
potential candidates, zinc (Zn) has gained particular attention as a favorable alloying ele-
ment for biomedical Mg alloys [21-23]. The human body contains zinc as the second most
abundant essential trace element, with an established function in bone metabolism. Ade-
quate Zn intake is critical for skeletal development and preservation, and its deficiency is
associated with impaired bone formation and osteoporosis. From a material standpoint, Zn
provides multiple benefits when alloyed with Mg. First, Zn improves corrosion resistance
by stabilizing the protective surface film and reducing localized corrosion rates [24,25]. Sec-
ond, Zn strengthens Mg through solid solution hardening and precipitation strengthening
while simultaneously refining the microstructure [26]. Mg-Zn alloys are a promising type
of biodegradable material for orthopedic devices, combining the natural advantages of Mg
with the properties provided by Zn [27]. Although the corrosion behavior of Mg-Zn alloys
has been extensively investigated under standard conditions, the vast majority of stud-
ies are conducted at room temperature or at a single nominal physiological temperature,
approximately 37 °C. However, clinical reality is more complex: localized inflammation,
post-operative infection, and systemic fever can raise peri-implant temperature above
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normal levels for sustained periods. Despite this, the effect of clinically relevant thermal
elevations on Mg-Zn alloys remains largely unexplored, particularly with respect to how
the temperature interacts with Zn content, and there is a critical knowledge gap regarding
whether alloy compositions optimized at ambient or nominal body temperature remain
reliable under transient but realistic fever-like conditions.

In this context, the present study examines how temperature affects the behavior
of three MgxZn alloys (x = 1.4: 6.1 and 7.8) produced by induction levitation. Normal
temperatures of 20-25 °C and 40 °C simulating fever conditions were selected, and the
microstructural evaluation, mechanical response, and corrosion behavior were evaluated.

2. Materials and Methods
2.1. Material Preparation

Magnesium and zinc alloys were prepared at the Politehnica University of Bucharest,
Romania, in an induction levitation furnace, working under an inert gas atmosphere to
prevent oxidation and any type of contamination. The electromagnetic field generated
by the inductor kept the metals suspended without contact with surfaces while heating
them evenly until they melted. This process allowed both metals to mix homogeneously,
thanks to the natural movement induced by the field itself. Depending on the chemical
composition of the alloy, the temperature necessary to achieve homogenization of the
melt is achieved due to the mixing effect of the convection currents generated by the
induced magnetic field [28,29]. The molten material is maintained in a liquid state for only
a few moments and then falls on its own into the solidification mold positioned under the
inductor, resulting in clean ingots with a fine and stable internal structure.

The three samples studied (1.4%Zn, 6.1%Zn, and 7.8%Zn) were embedded in a 4:1
mixture of epoxy resin and catalyst and demolded after 24 h, when the mixture was dry.
The embedded samples were then polished using the polishing system Struers TegraPol-
11 (Ballerup, Denmark) in two stages. First, roughing was performed using various
progressive-grit abrasive papers, from P280 to P2500. Then, final polishing was performed
using 0.3-micron a-alumina suspension to achieve a mirror-like finish and reproducible
results (see Figure 1) [30].

Levitation induction Mini-ingots Machined samples Precision cutting machine Mg-Zn discs
melting for sampled the alloy disc

Mg-Zn samples
/ ~,.. 5

Figure 1. Preparation of the Mg-Zn samples.
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Prior to the test trials, the samples were drilled to screw in a screw welded to a cable
that formed the working electrode for the electrochemical tests. The area, equivalent weight,
and density of each sample were measured.

2.2. Microstructural Characterization

The samples’ microstructure was analyzed by taking micrographs of their surfaces
with a ZEISS AxioVert. A1 MAT (Zeiss Group, Jena, Germany) optical microscope at dif-
ferent magnifications. To accomplish this, each sample was immersed in a 3 wt.% Nital
reagent solution, composed of 3 wt.% nitric acid and 97 wt.% ethanol, for a period of
8-12 s. After analyzing the surface that had been exposed to the chemical, the test was
conducted three times with each sample. A scanning electron microscope (SEM) equipped
with a Z2e EDAX AMETEC (Inspect S, Eindhoven, the Netherlands) was used for the
microstructure examination.

2.3. Microhardness Test

Vickers microhardness measurements were performed using a Future Tech FM-810
microhardness tester (Future-Tech, Kawasaki, Japan), following the ASTM E384-22 stan-
dard [31]. For each sample and applied load, 10 indentations were made at different
locations on the polished surface, with a dwell time of 15 s for each measurement. Loads
of 1,5, and 10 gf were applied (HV0.001, HV0.005, and HV0.01). The diagonal lengths of
indentation were measured using iVicky software (V2.0), which automatically calculated
the corresponding Vickers microhardness values. The reported hardness values corre-
sponded to the average of the measurements, and the dispersion was evaluated through
the standard deviation.

2.4. Electrochemical Tests

To determine corrosion behavior, the three study samples (working electrodes) to-
gether with the saturated calomel electrode (SCE) and the platinum (Pt) electrode were
immersed in an electrochemical cell in a Grifols Ringer Lactate electrolyte, which simulates
body fluid (SBF) at room temperature and at 40 °C. Once each sample was immersed, the
potentiostat—galvanostat BioLogic Essential SP-150 (Seyssinet-Pariset, France) was used,
applying the following techniques: Ecorr vs. Time (EVT) to determine the corrosion poten-
tial over time, Generalized Corrosion (GC) to obtain corrosion rate values, and Potentio
Electrochemical Impedance Spectroscopy (PEIS) to determine the impedance values of
the samples.

2.4.1. Ecorr vs. Time (EVT)

The corrosion potential (Ecorr) of each sample was assessed for half an hour using
the “Ecorr vs. Time” method of the EC-Lab program. During measurement, the cell is not
subjected to any potential or current. For 30 min, the potential was constantly measured,
with automated acquisition occurring every 20 s or whenever fluctuations exceeded 100 mV.
To the greatest possible extent, these conditions were put in place to stabilize the corrosion
potential. The data was shown graphically to show the potential as a function of time
after processing.

2.4.2. Generalized Corrosion (GC)

The generalized corrosion technique is used to study uniform corrosion, in which
anodic dissolution is evenly distributed across the metal surface and the corrosion rate
remains consistent. In this case, the potential range applied was from —2.2to —1.0 V vs.
SCE with a scan rate of 10 mV /min, and data was recorded every 0.50 s. Potentiodynamic
curves were plotted, and the corrosion rate (CR) of the samples was determined.
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2.4.3. Electrochemical Impedance Spectroscopy (EIS)

The potentiostatic mode is used in the EIS experiment to assess impedances. To
do this, a sine wave is applied around a DC potential E, which can be set to a constant
value or in relation to the equilibrium potential of the cell. Measurements of impedance
and phase angle were made in compliance with ISO 16773-1-4:2016 [32]. At frequencies
between 200 KHz and 100 mHz, a potential of 0.00 V was applied against the open-circuit
potential (OCP). Nyquist and Bode diagrams were used to display the collected data, and
an equivalent circuit (EC) was used to modify the experimental results.

3. Results and Discussion
3.1. Microstructural Characterization

Figure 2 illustrates the optical microstructure for the as-cast MgxZn alloys, and it
shows for all MgxZn alloys a light-colored «-Mg matrix with darker regions at the grain
boundaries [33]. The solid solubility of Zn in Mg is about 6.2 wt.% at 25 °C, as indicated by
the binary Mg-Zn phase diagram. It is evident that when the Zn content rises, the grain size
decreases. This is because the Zn atom’s radius (0.135 nm) is smaller than that of the Mg
atom (0.160 nm). As a result, the Mg atoms are surrounded by Zn atoms, which reduces
their diffusion rate and makes it more difficult for them to merge and grow [34].
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Figure 2. Optical microstructure for (a) 1.4%Zn, (b) 6.1%Zn, and (c) 7.8%Zn.

The literature’s conclusions indicate that as the Zn concentration of Mg-Zn alloys
increases above 6 wt.%, additional intermetallic phases may occur, which will accelerate
the corrosion process in these binary alloys [33,35]. The continuous primary phase, a
solid solution of magnesium with a hexagonally packed crystal structure, is formed by
the bright areas. The dark phase at the grain boundaries is likely the MgZn, intermetallic
compound that forms in MgxZn alloys during solidification or subsequent cooling. MgZn,
has a Laves phase structure (hexagonal), forms via a eutectic or precipitation reaction, and
often appears at grain boundaries in the as-cast condition. The MgZn, phase at the grain
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boundaries reduces ductility and toughness but improves strength due to precipitation
hardening effects.

At the Mg alloy with 6.1%Zn, MgZn; appears as fine, dispersed particles (see Figure 2b)
much less interconnected than at a lower Zn level, where a continuous eutectic phase is
formed. The grain boundaries do not contain so much MgZn, as the alloy with 7.8%Zn,
and this improves ductility and toughness compared to more Zn-rich alloy.

Different intermetallic complexes or precipitates inside the magnesium matrix are
probably indicated by the images and spectra in Figure 3, which shows a clear difference
between phases. The bright areas may indicate the existence of secondary phases, such as
MgZn, or Zn-rich phases. With fine networks of secondary phases dispersed throughout
the matrix, the structure seems more interwoven. A greater degree of solidification segre-
gation or intermetallic compound production is indicated by the increased occurrence of
brilliant phases.
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Figure 3. SEM image and EDX spectra for 1.4%Zn (a), 6.1%Zn (b), and 7.8%Zn (c).

The mean chemical compositions of the alloys under study are summarized by EDX
quantification (see Table 1).
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Table 1. EDX quantification results of the three samples.

Sample Element wt.% at. %

3.2. Microhardness Test

Figure 4 shows the minimum and maximum Vickers hardness values of the three
samples studied after applying 1, 5, and 10 gf, which reveal the existence of two phases (soft
and hard) with different hardness values. In the soft area (see Figure 4a), microhardness
increases with indentation load, particularly in the 1.4%Zn alloy, which goes from 49.3 HV
to 88.2 HV, indicating marked sensitivity to local deformation. The 7.8%Zn sample has
high values at a low load but decreases significantly at 5 gf before partially recovering at
10 gf (78.6 HV). On the other hand, the alloy with 6.1%Zn shows the lowest value at high
loads (69.6 HV at 10 gf) and limited hardening capacity. Overall, the hardness in this zone
does not follow a linear trend with the Zn content, but is strongly influenced by the local
microstructure, in particular the presence of the x-Mg phase and precipitates.

(a) 100 (b)150
A
4 140 -
_ 90 o R
=] Z 130 - L
< 80 - A B 7
% - .E 120 1 /,,,’
=S - £ 110
£ 60 s Ol
= S 100 - o’
] — lgf ~ @ — 1gf
50 - ee—— Sgf 90 - Sgf
- 10gf ---- 10gf
40 ; 80 .
1.4%Zn 6.1%Zn 7.8%Zn 1.4%Zn 6.1%Zn 7.8%7Zn

Figure 4. (a) Minimum and (b) maximum Vickers hardness values of 1.4%Zn (green dots), 6.1%Zn
(blue squares, and 7.8%Zn (pink triangles) after applying 1, 5, and 10 gf.

In the hard zone, the hardness values exceed those of the soft zone, indicating a higher
density of precipitates, as can be seen in Figure 4b. The alloy with 7.8%Zn is harder in all
cases (132-142 HV), reflecting significant reinforcement. The alloy with 6.1%Zn reaches a
high value at 1 gf (132 HV), but decreases as the load increases, reaching 102 HV at 10 gf,
suggesting a heterogeneous microstructure. The alloy with 1.4%Zn exhibits non-linear
behavior: it has moderate hardness at 1 gf (99 HV), decreases at 5 gf (94.9 HV), and increases
considerably at 10 gf (131 HV).

Non-linear results imply that MgZn, precipitation and micro-segregation significantly
affect hardness beyond Zn content.

The variation in microhardness as a function of the applied load is illustrated in
Figure 5. When the load is low, the indenter may interact exclusively with one of the
phases—either the hardest or the softest—which is why only the minimum and maximum
values are considered, or it may partially contact both. As the load increases, the depth
of the indentation also increases, which increases the probability that the indenter will
simultaneously cover both phases. Consequently, predicting the evolution of the hardness
value with respect to the load becomes progressively more complex.
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Figure 5. Evolution of the microhardness indentation with the applied load.

With the aim of identifying possible populations differentiated by microhardness
values, a one-dimensional Gaussian mixture model (GMM) was applied to the hardness
data obtained, with each alloy and applied load analyzed independently. Due to the small
sample size (n = 10), a bimodal model (K = 2) was chosen to provide a more accurate
and interpretable solution while avoiding components associated with potential outliers.
The model parameters (weights, means, and standard deviations) were adjusted using
the Expectation-Maximization (EM) algorithm. A minimum value was also imposed on
the standard deviation to prevent numerical collapse of the model, setting the minimum
standard deviation to 2.

The results clearly show, in all the groups analyzed, the presence of two main micro-
hardness populations (see Table 2).

Table 2. Hardness data obtained after applying the Gaussian mixture model (GMM).

Group Load K Comp. Weight Mean SD
1 1.4%Zn | 1 2 1 0.801 64.825 6.804
2 1.4%Zn | 1 2 2 0.199 90.168 2.950
3 6.1%Zn | 1 2 1 0.692 59.285 4.909
4 6.1%Zn | 1 2 2 0.308 106.853 18.610
5 7.8%Zn | 1 2 1 0.601 87.020 6.014
6 7.8%Zn | 1 2 2 0.399 123.759 8.815
7 1.4%Zn | 5 2 1 0.598 91.796 2172
8 1.4%Zn | 5 2 2 0.402 115.891 7.793
9 6.1%Zn | 5 2 1 0.175 66.913 2.000
10 6.1%Zn | 5 2 2 0.825 93.198 14.729
11 7.8%Zn | 5 2 1 0.800 89.020 7.153
12 7.8%Zn | 5 2 2 0.200 131.924 10.115
13 1.4%Zn |1 10 2 1 0.296 87.610 2.000
14 1.4%Zn | 10 2 2 0.704 105.488 5.478
15 6.1%Zn | 10 2 1 0.596 79.562 6.181
16 6.1%Zn | 10 2 2 0.404 95.644 4.181
17 7.8%Zn | 10 2 1 0.794 88.020 7.551
18 7.8%Zn | 10 2 2 0.206 123.664 10.466
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3.3. Electrochemical Tests
3.3.1. Ecorr vs. Time (OCP)

Figure 6 shows the Ecorr vs. Time curves for the three samples at room temperature
and at 40 °C. At room temperature, after half an hour of immersion, the 1.4%Zn and 7.8%Zn
samples appear to show some stability in their values, while the potential of the 1.4%Zn
sample tends to increase. Zn acts as a solid-solution strengthener and contributes to the
formation of a more protective Mg-Zn hydroxide layer. A moderate amount of Zn improves
the surface passivation and reduces the anodic dissolution rate of Mg.

(a)-1.50 (b)-1.50
-1.55 —'\I\W/\_NWM -1.55 4
& -1.60 = -1.60 -
z z
> -1.65 - = -1.65
mé -1.70 A ué -1.70 -
——1.4%Zn ——1.4%Zn
-1.75 4 6.1%Zn -1.75 6.1%Zn
—7.8%Zn —7.8%Zn
-1.80 T T -1.80 T T
0 600 1200 1800 0 600 1200 1800
Time (s) Time (s)
Figure 6. Corrosion potential of the samples after 30 min of immersion at (a) room temperature and
(b) 40 °C.

At 40 °C, during the 30 min test, the 1.4%Zn sample remains stable, while the 6.1%Zn
sample’s potential increases in the first few minutes and then tends to decrease until it
stabilizes, and the 7.8%Zn sample Zn increases in the first 5 min and then the potential
increases dramatically and eventually stabilizes. Compared with room temperature, it can
be observed that higher temperature accelerates corrosion reactions and destabilizes protec-
tive films. However, alloys with higher Zn maintain less negative potentials, meaning that
Zn continues to contribute to better passivation even under thermal stress. A denser and
more adhesive Zn-rich surface coating is formed as a result of the increased concentration.
3.3.2. Generalized Corrosion (GC)

The potentiodynamic curves of the three samples and the corrosion parameters at
room temperature and at 40 °C are shown in Figure 7 and Table 3.

Table 3. Corrosion parameters of the samples studied.
Room Temperature 40°C
P t
arameters 14%Zn  61%Zn  7.8%Zn  14%Zn  61%Zn  7.8%Zn
Equivalent weight (g/eq) 12.26 12.64 12.78 12.26 12.64 12.78
Density (g/cm?) 1.81 2.07 2.16 1.81 2.07 2.16
Area (cm?) 1.19 1.28 1.26 1.19 1.28 1.26
Ecorr (mV) —1528 —1509 —1499 —1571 —1537 —1497
icorr (LA /cm?) 19 19 47 36 45 47
Be (mV) 235 199 267 238 276 267
Ba (MV) 61 59 54 59 30 53
CR (mm/year) 0.41 0.39 0.92 0.78 0.89 0.91

For a potential sweep from —2.2 to —1V, at room temperature, the three samples show
similar Ecor values, while Icorr is very similar for 1.4%Zn and 6.1%Zn, whereas for 7.8%Zn,
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Leorr is higher. The lower the values of corrosion potential and corrosion current intensity,
the lower the corrosion rate. Therefore, when calculating the corrosion rate values, it can
be seen that the minimum values are found in 6.1%Zn, closely followed by 1.4%Zn. At
room temperature, Zn improves the corrosion resistance by refining the microstructure and
reducing galvanic microcells by promoting the formation of Zn-containing protective films.

At 40 °C, more differentiated potentiodynamic curves are observed, with similar
corrosion potential and corrosion current values for 6.1%Zn and 1.4%Zn. Likewise, the
lowest current intensity values are obtained for 1.4%Zn, which therefore exhibits a lower
corrosion rate. The elevated temperature accelerates the electrochemical reactions and
destabilizes the Mg(OH), film (see Figure 8), and the chloride ions from Ringer solution

penetrate the film, but the 1.4%Zn alloy maintains a better resistance due to the absence of
the intermetallic phase.

(a) 2 (b) 2
1 4 1
0 - 0 -
; 3
e 2
- -2 -2
oo on
5 — 1.4%Zn 233 —14%Zn
4 ——6.1%Zn 4. ——6.1%Zn
i —7.8%Zn ——7.8%Zn
-5 . . r -5 T T ;
a8 2 -1.5 1 -0.5 2.5 2 -1.5 -1 -0.5
Ecors V(SCE) Eco11s V(SCE)

Figure 7. Potentiodynamic curves of the samples at (a) room temperature and (b) 40 °C.

(c)

Lactate

Figure 8. Mg(OH), /MgO film at: (a) room temperature and (b) 40 °C and (c) the corresponding legend.

The corrosion process of Mg alloys in the Ringer solution undergoes the following
chemical reactions:

Mg —2e~ — Mg*t? (1)
H,0 + %02 +2¢” = 2HO™ 2)
Mg** +2HO™ — Mg(OH), (3)
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The temperature affects ion diffusion, electrochemical kinetics and micro-galvanic
coupling in MgxZn alloys.

The ion diffusion in Mg-Zn systems can take place through solution (Ringer solution)
and through surface films, which can be Mg(OH),, MgO, or ZnO. Through solution take
place a faster outward diffusion of Mg?* and Zn?*, a faster inward of CI°, and a higher HO"
mobility, which initially helps alkalinize the interface but is usually overwhelmed by faster
Mg?* removal in chloride containing the Ringer solution. Due to the diffusion through
surface films, Zn containing corrosion films become less blocking at higher temperatures,
breakdown-repassivation processes occur more frequently, and the local pH gradients
flatten faster, sustaining anodic dissolution [36].

The electrochemical reaction kinetics are affected by temperature because increasing
temperature lowers the activation barrier for Mg dissolution, raising the anodic current
density by 15-30% from 37 °C to 40 °C. Higher temperature accelerates hydrogen evolution
disproportionately on Zn-rich regions, making cathodic kinetics faster than anodic ones
and amplifying the corrosion rates [37].

An elevated temperature reduces polarization resistance and increases Ringer solution
conductivity, boosting micro-galvanic currents. The temperature barely changes the Mg-Zn
thermodynamic potential gap, but it strongly enhances asymmetry between anodic Mg and
cathodic Zn-rich phases [38]. As Zn content rises and intermetallics form, the temperature
shifts the corrosion process from a relatively uniform attack to a strongly localized attack.

3.3.3. Electrochemical Impedance Spectroscopy (EIS)

Figure 9 presents the electrical equivalent circuit model Rs(Q;R;)(QyR7), which demon-
strates the greatest compatibility with the experimental data.

S >

Solution _
O 5 ®

Rs

R1

R2

Figure 9. Equivalent electrical circuit Rs(QR1)(Q2Ry).
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This model illustrates the existence of solution resistance and a bi-layer passive film
(porous and compact). The corresponding equation of the electrical equivalent circuit is
as follows:

zuw—&+<ﬁww“+;)4+(@mw”+é)4 "

With the elements: the electrolyte resistance in ohms as Rs, the constant phase elements
Q; and Q, for the porous and compact passive film, and their resistances as R; and Ry,
respectively. The constant phase element is an empirical impedance element used in
electrochemical impedance spectroscopy to model non-ideal behavior (depending on
surface roughness, porosity, inhomogeneity, etc.), and its impedance is given by

1
72 Yoy ®
where j is the imaginary unit, w is the angular frequency, and Y? and n are the parameters
characteristic of the constant phase element.

Figure 10 shows the Nyquist diagrams of experimental data and data fitted with
equivalent electrical circuits for the three samples at room temperature and at 40 °C, where
the imaginary value of the impedance is plotted against the real value of the impedance.
The larger the arc formed, the greater the capacitive behavior of the sample and, therefore,
the better its corrosion resistance. In this case, it is clear that the 1.4%Zn sample had
higher corrosion resistance at both temperatures, and this is attributed to a more stable and
protective surface film as well as a favorable microstructure at low Zn contents. In contrast,
alloys with 6.1%Zn and 7.8%Zn show significantly smaller semicircles, indicating lower
impedance and higher corrosion rates. The decline in corrosion resistance at higher Zn
content is associated with the formation of Zn-rich intermetallic phases, which promote
micro-galvanic activity and destabilize the protective surface film. Overall, the EIS results
indicate that 1.4%Zn provides the optimal balance for enhanced corrosion protection,
whereas 6.1%Zn and 7.8%Zn concentrations accelerate the corrosion process.
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Figure 10. Nyquist diagrams of experimental data and data fitted with equivalent electrical circuits
for samples at (a) room temperature and (b) 40 °C.

The Bode-1Z | diagram of experimental data and data fitted with equivalent electrical
circuits shows the logarithm of the absolute value of the impedance against the logarithm
of the frequency sweep applied during the test (see Figure 11). High impedance values at
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low frequencies indicate greater resistance to corrosion. In this case, the sample with the
lowest percentage of Zn (1.4%Zn) showed higher impedance values in both conditions.
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Figure 11. Bode- | Z| diagrams of experimental data and data fitted with equivalent electrical circuits
for samples at (a) room temperature and (b) 40 °C.

Atboth temperatures, 1.4%Zn has the highest low-frequency | Z1, meaning the highest
polarization resistance and, therefore, the lowest corrosion rate. The 6.1%Zn alloy shows
much lower | Z| and 7.8%Zn shows the lowest | Z|, which matches the Nyquist results:
a lower corrosion resistance due to Zn-rich intermetallics causing micro-galvanic activity.
The magnitude |1Z1 decreases with frequency over several decades. The roughly linear
drop with a slope near —1 indicates capacitive behavior dominating across mid to high
frequencies. The 1.4%Zn curve shows a more pronounced plateau at low frequencies,
indicating a more resistive film. At high frequencies, all three alloys converge to similar
| Z | values, indicating a similar solution resistance. A comparison between Figures 11a
and 11b shows that the absolute values |Z| at room temperature are larger (especially
for 1.4%Zn than at 40 °C) and the ranking of alloys is the same, with 7.8%Zn typically
the poorest.

The Bode-phase diagrams (see Figure 12) of experimental data and data fitted with
equivalent electrical circuits support the earlier conclusions from Nyquist and Bode-|Z1
diagrams: the 1.4%Zn alloy has the lowest corrosion rate (more capacitive barrier film,
larger time constant), while 6.1%Zn and 7.8%Zn show weaker, more dispersive behavior,
consistent with porous film and higher micro-galvanic corrosion rates. At 40 °C, the shift of
the main phase minimum to a higher frequency (see Figure 10b) and the reduced absolute
phase for the higher Zn-content alloys are clear signatures of faster interfacial kinetics and
less effective film protection.

(a) 20

220

Phase(Z) (deg)

(b) 20

® 1.4%Zn —Fitted 10
6.1%Zn Fitted |
A 7.8%Zn —Fitted 0 4

® 1.4%Zn —Fitted
“‘ 6.1%Zn Fitted

A 7.8%Zn —Fitted
LY

—
=)
.

Z

& ‘/‘

B o
S &
i

Phase(Z) (deg)

-50 4

10 1000 100,000 0 10 1000 100,000
freq (Hz), log spacing

freq (Hz), log spacing

Figure 12. Bode-phase diagrams of experimental data and data fitted with equivalent electrical
circuits for samples at (a) room temperature and (b) 40 °C.
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According to Table 4, the corrosion resistance values (R = R; + Ryp) of the research

samples were higher in Ringer’s solution at room temperature, reaching values of nearly

2000 O-cm?2. However, the values were lower in Ringer’s solution at 40 °C, reaching

approximately 1300 Q-cm?. The outer porous layer had lower resistance than the inner

compact film, as evidenced by the higher R, values compared to R; in both conditions.

Table 4. Results of fitting with the electrical equivalent circuit.

Room Temperature 40 °C
Parameters 1.4%Zn 6.1%Zn 7.8%Zn 1.4%Zn 6.1%Zn 7.8%Zn
Area (cm?) 1.19 1.28 1.26 1.19 1.28 1.26
Y; (S-sec™/cm?) 22 %1073 5.1 x 107° 3.8 x 1077 3.8 x 107 48 x 107> 6.9 x 107
n 0.53 0.47 1.00 1.00 1.00 1.00
R; (Q-cm?) 43.6 60.6 50.9 51.0 61.9 41.6
Y5 (S-sec™/cm?) 1.4 x 107° 20x107°  24x107° 24 x107° 1.3 x 107° 1.1 x 1072
ny 0.88 0.86 0.82 0.82 0.87 0.89
R, (Q-cm?) 2517.0 842.7 1295.0 1295.0 537.5 565.6
Rp=R; + R, 2560.6 903.3 1345.9 1346.0 599.4 602.2

4. Conclusions

The results of this work demonstrate that temperature plays an important role in the

microstructural stability, mechanical performance, and corrosion response of MgxZn alloys.

The conclusions are as follows:

At the microstructural level, high Zn content (6.1%Zn and 7.8%Zn) refines the grain
size and increases the fraction of MgZn,, which strengthens the alloy but also in-
troduces sites susceptible to micro-galvanic activity. This balance between matrix
softening and intermetallic formation becomes more sensitive when the alloys are
exposed to elevated temperatures, where microstructural heterogeneities become more
influential, indicating that microstructural refinement alone is insufficient as a design
strategy unless galvanic activity is simultaneously controlled. Temperature therefore
acts as an amplifier of microstructural contrast, shifting the balance from uniform to
localized corrosion in Zn-rich alloys.

Mechanical testing further highlights the idea that microstructural stability is critical
for maintaining mechanical integrity in physiological or fever-like conditions. The
mechanical response underlines the importance of microstructural stability rather than
room temperature strength alone as a criterion for implant performance.
Electrochemical tests in continuous current provide the clearest evidence of the detri-
mental effect of temperature on corrosion resistance. At room temperature, alloys
with moderate Zn content (particularly 6.1%Zn followed by 1.4% Zn) benefit from
refined microstructures and moderately protective surface films, resulting in relatively
low corrosion rates. At 40 °C, the corrosion rate increases, protective Mg(OH), film
destabilizes, and differences between alloys become more pronounced, with the 1.4%
Zn sample standing out for its low corrosion rate. Although higher Zn content can
facilitate the formation of more stable Zn-rich films, excessive Zn content, as in the
7.8%Zn alloy, also promotes micro-galvanic corrosion through increased MgZn, con-
tent, meaning that temperature amplifies both the beneficial and detrimental effects of
Zn, demonstrating that higher alloying levels do not guarantee improved corrosion
resistance under clinically relevant thermal conditions.
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e  Electrochemical impedance spectroscopy confirms that the 1.4%Zn alloy maintains
the most stable and protective surface film at both temperatures; in contrast, 6.1%Zn
and especially 7.8%Zn alloys show more porous, unstable surface films and higher
corrosion activity. Equivalent circuit fitting further supports this conclusion, showing
significantly reduced total resistance of the passive layers at 40 °C, with the porous
outer layer becoming particularly weakened. These findings imply that optimal
MgxZn implant design requires a conservative approach to Zn content, prioritizing
microstructural homogeneity and film stability over peak strengthening.
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