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Abstract

To address the challenges of excessively fast degradation and relatively poor biocompat-
ibility of biomedical magnesium alloys, in this study, Mg/HA magnesium alloy treated
by different friction stir processing (FSP) techniques served as the substrate for fabricat-
ing a micro-arc oxidation (MAO) coating. SEM, EDS, XRD, and XPS were employed to
characterize the coating’s microstructure, phase composition, and element distribution,
while its comprehensive properties were evaluated via electrochemical tests, nanoinden-
tation, friction—-wear experiments, contact angle measurements, and antibacterial assays.
Results indicate that MAO coatings on all substrates exhibit a dense, uniform grayish-white
macroscopic morphology with 3-5 um pores. Cross-sectional observations reveal a metal-
lurgical bond between the coating and substrate, with minor blind pores and microcracks
distributed in the coating, and different coatings show similar thickness and high density.
The coatings mainly consist of Ca3(POy);, CaCO3, Mg, MgSiO3, and MgO. HA powder is
uniformly dispersed in the substrate treated by 1500-3 FSP passes, promoting more Ca>*
and PO,3~ release during the MAO process. This yields the highest Ca/P ratio, endowing
the coating with excellent biological performance to induce osteocyte growth. All coatings
have good wear/corrosion resistance and a maximum adhesion of 14.485 N. Notably, MAO
coatings on substrates with 1500-3 and 1700-3 FSP passes are moderately hydrophilic, facil-
itating cell adhesion/spreading and meeting biomedical implants’ short-term antibacterial
rate requirements.

Keywords: magnesium; friction stir processing; micro-arc oxidation; hydroxyapatite;
properties

1. Introduction

Magnesium and its alloys exhibit numerous advantages, including high specific
strength and specific stiffness, excellent thermal and electrical conductivity, as well as ease
of processing, forming, and recycling. They hold extremely important application value
and have been widely used in engineering structure fields such as rail transit, aerospace,
and electronic communication. In addition, magnesium alloys have attracted extensive
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attention in the field of new medical implant materials due to their density and mechanical
properties being very close to those of human bone tissue, along with favorable safety,
biocompatibility, and biodegradable/absorbable characteristics. However, the rapid degra-
dation rate and poor bioactivity of magnesium alloys in the human body environment have
limited their widespread application in the medical field [1,2].

Biomedical magnesium alloys, serving as bone implants, aim to provide support and
facilitate new tissue regeneration, playing a vital role in the fracture healing process. An
ideal implant should possess a porous structure to enable nutrient transport and tissue
ingrowth, as well as appropriate mechanical strength matching that of the replaced bone to
offer mechanical support and avoid stress shielding. It should also exhibit good biocompat-
ibility to promote cell adhesion and proliferation. Most importantly, it must demonstrate
controlled biodegradability in the human body to prevent risks such as physical irritation,
local chronic inflammation, and the need for secondary surgery. Therefore, magnesium and
its alloys, meeting these requirements, are regarded as revolutionary biodegradable metallic
materials. Their unique advantages—including lightweight properties, mechanical strength
comparable to natural bone, and excellent biosafety—have led to extensive research in
orthopedic applications [3]. Compared with conventional metallic biomaterials [4-7], mag-
nesium alloys exhibit a density and elastic modulus much closer to those of natural bone.
This similarity not only improves load transfer between the implant and host tissue but also
promotes bone regeneration and reduces the risk of stress shielding [8]. As magnesium is
an essential element of the human body and a natural constituent of bone tissue, its gradual
dissolution in vivo usually does not cause adverse biological effects, magnesium and its
alloys can react rapidly with water to release Mg ions, and a moderate increase in Mg?*
concentration promotes the osteogenic and angiogenic activities of cells [9,10]. Furthermore,
the biodegradable nature of magnesium alloys allows the implant to safely degrade as the
surrounding tissue heals, eliminating the need for secondary surgery and reducing medical
costs and patient discomfort [11]. Despite these benefits, pure magnesium and its alloys
face significant challenges when exposed to physiological environments. Their high chemi-
cal reactivity and low standard electrode potential make them prone to rapid corrosion,
producing Mg(OH), that can further react to form soluble salts such as MgCl, [12,13]. The
accelerated degradation weakens the mechanical integrity of the implant and may lead
to premature failure before sufficient bone regeneration occurs. In addition, the sudden
accumulation of Mg?* ions can cause local alkalization, potentially affecting cell viability
and tissue compatibility [14]. To address this technical challenge, many studies have fo-
cused on alloying design, surface modification, and the development of magnesium-based
composites to slow down degradation and enhance biological performance.

Among various reinforcement strategies, introducing ceramic particles such as hydrox-
yapatite (HA), MgO, SiO,, and ZrO, into the magnesium matrix has proven particularly
effective [15-17]. These reinforcements improve hardness, wear resistance, and corrosion
behavior while enhancing biocompatibility. FSP is a solid-state technique derived from
friction stir welding, provides a reliable route to disperse such reinforcements into metal-
lic substrates. FSP offers several advantages—fine-grain microstructures, homogeneous
particle distribution, and the absence of detrimental intermetallic phases—while being
cost-efficient and environmentally friendly [18,19]. Compared with traditional heat treat-
ment or casting processes, friction stir processing (FSP) technology has many prominent
advantages, especially in microstructure and defect control. It can effectively refine grains,
eliminate casting pores, cracks, stress concentration and other defects. These advantages
enable friction stir processing to perform excellently in improving material properties and
optimizing processing effects, possessing broad application prospects. Hydroxyapatite,
as the primary inorganic component of bone and teeth, possesses excellent biocompati-
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bility and osteoconductivity [20]. However, pure hydroxyapatite (HA) exhibits inherent
brittleness, low strength, and limited plasticity, which restricts its applications mainly
to low-load-bearing implants, powder formulations, and coating materials. Introducing
HA particles into the surface or matrix of magnesium and its alloys to create HA/Mg
composites has been shown to improve their biological compatibility and, at the same time,
enhance the mechanical behavior of HA.

Vandana et al. [21] employed FSP to incorporate various amounts of hydroxyapatite
powders into pure magnesium plates and investigated the resulting microstructure and
mechanical properties. It found that after FSP, the grain size in the stirred zone of the
magnesium plate was significantly refined from 2000 um to approximately 10 um. Other
studies have shown that embedding nano-hydroxyapatite (nHA) powders into the surface
of AZ31 magnesium alloy through FSP resulted in pronounced grain refinement. Compared
with untreated pure magnesium, the presence of nHA particles promoted the formation
of a dense deposition layer, thereby effectively reducing the corrosion rate [22]. T, H
et al. [23] dispersed HA nanoparticles into AZ31 alloy using FSP to fabricate AZ31/HA
metal matrix composites. After acid treatment of the composite surface, a polycaprolactone
coating was applied, forming a PCL/HA nanocomposite fibrous mat with an adhesion
strength rated at 4B. Ratna Sunil et al. [24] prepared nano-hydroxyapatite (nHA)-reinforced
magnesium composites via FSP. Cytotoxicity tests based on the MTT colorimetric assay
demonstrated that the FSP-treated Mg—-nHA samples exhibited enhanced cell adhesion and
good biocompatibility.

Although incorporating HA into magnesium alloys through FSP can improve the
biocompatibility and mechanical properties of the material, making its mechanical behavior
more compatible with that of human bone, the corrosion rate of Mg/HA composites is
still high. Such rapid degradation does not meet the service life requirements of implants.
Therefore, surface modification techniques are required to further enhance the corrosion
resistance and biological performance of magnesium alloys. Surface modification can
form a protective coating that separates the substrate from corrosive environments and
simultaneously regulates the release of magnesium ions, thus reducing their negative
influence on cell activity and bone formation. These methods create corrosion-resistant
oxide or ceramic coatings on magnesium alloy surfaces, leading to marked improvements
in both corrosion resistance and biological stability [25-27]. Among them, MAO, which
evolved from traditional anodic oxidation, has recently gained considerable attention as an
effective strategy for protecting magnesium alloys against corrosion. Compared with other
processes, the MAO process is simple and highly effective in reducing the corrosion rate of
magnesium alloys, making it suitable for large-scale biomedical applications [28-30].

Yang et al. [31] fabricated MAO coating on ZK60 magnesium alloy, in vitro studies
demonstrated that the coating exhibited excellent cell adhesion properties and strong
bioaffinity. Chen et al. [32] prepared a CH3COOAg-containing MAO coating on Mg-
37Zn-0.55r alloy, in which the generated Ag,O and Ag,COj3 phases effectively filled and
sealed the micropores, significantly improving the corrosion resistance of the coating.
Particularly, when the CH3COOAg concentration reached 2 g/L and 3 g/L, the gradual
release of Ag* ions endowed the MAO coating with strong antibacterial activity against
Escherichia coli. Xiong et al. [33] employed the ultrasonic micro-arc oxidation (UMAO)
technique in an alkaline electrolyte to fabricate an HA-containing UMAO coating on the
ZK60 magnesium alloy, the UMAO coating remarkably enhanced both corrosion resistance
and bioactivity. The presence of HA provided a favorable environment for osteoblast
adhesion and contributed to bone tissue regeneration.

Therefore, to address the existing challenges of medical magnesium alloys, such as
excessively fast degradation rate and poor mechanical as well as biological properties of
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their surface film layers, this study carries out the following research. First, FSP technology
is adopted to incorporate HA powder into the magnesium alloy, enhancing the alloy’s
biological properties while improving its mechanical performance. The alloy prepared by
this process has mechanical properties (e.g., elastic modulus) that are extremely close to
those of human bones. On this basis, using Mg/HA composites fabricated by different
welding processes as the substrate, MAO technology is employed to prepare a bio-coating
with excellent corrosion resistance, mechanical properties, and biological performance. This
coating provides a favorable biological surface environment for the adhesion, proliferation,
and differentiation of cells after the alloy is implanted into the human body.

2. Materials and Methods

This study prepared the Mg/HA composite magnesium alloy substrate using the FSP
technique, and then constructed a bioactive ceramic coating on its surface via the MAO
method. A variety of characterization methods, including XRD, SEM, EDS, XPS, electro-
chemical tests, nano-mechanical property tests, and antibacterial property tests, were em-
ployed to analyze the microstructure, phase composition, mechanical properties, corrosion
behavior, and biological properties of the MAO coating. This work provides a theoretical
and experimental basis for the surface functional design of degradable magnesium-based
implant materials. All experiments and analytical tests in this paper were completed at
Jiangsu University of Science and Technology.

2.1. Experimental Materials

ZK60 magnesium was machined to dimensions of 180 mm x 90 mm X 6 mm, and
the surface layers were milled to ensure flatness before processing. A longitudinal groove
(180 mm x 3 mm (width) x 2 mm (depth) was then introduced along the centerline of
each plate. Afterward, the surfaces were polished and cleaned with anhydrous ethanol to
remove any residual oxides and oil contaminants, ensuring a clean interface for powder
filling. HA powder was evenly filled into the prepared groove; to seal the powder prior
to FSP, a pinless tool with a shoulder diameter of 20 mm and a plunge depth of 0.4 mm
was used for a preliminary pass. The subsequent FSP experiments were carried out using
a two-dimensional gantry-type friction stir welding machine (FSW-GA-0907, Ruicheng
Co., Wuxi, China). Processing parameters are summarized in Table 1. During FSP, the
tool traverse speed and tilt angle were maintained at 100 mm/min and 2.5°, respectively.
After FSD, the composite plates were sectioned into smaller samples for subsequent MAO
treatment and characterization.

Table 1. Parameters of friction stir processing.

Tool Rotational Speed

Tool Traverse Speed

Sample (mm/min) FSP Pass (mm/min) Tool Tilt Angle
S1300-3 1300 3 100 mm/min 2.5°
S1500-3 1500 3 100 mm/min 2.5°
S1700-3 1700 3 100 mm/min 2.5°
51500-1 1500 1 100 mm/min 2.5°
51500-3 1500 3 100 mm /min 2.5°
51500-5 1500 5 100 mm /min 2.5°

2.2. MAO Treatment

A Bioactive electrolyte solution for MAO was prepared based on the optimized for-
mulation developed in previous work [34]. The MAO experiments were carried out
using a WHD-30 bipolar AC pulsed power supply. The Mg/HA magnesium alloy spec-
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imens, obtained from the FSP weld zone, were cut into samples with dimensions of
15 mm X 15 mm x 5.5 mm. After grinding and cleaning, the MAO experiment was con-
ducted. During the experiment, the electrolyte was cooled using a chiller to keep its
temperature at around 25 °C. The micro-arc oxidation process in this study employed a
combined constant voltage-constant current power supply mode. Specifically, the pro-
cess was conducted under constant voltage mode for 5 min, followed by 10 min under
constant current mode. The detailed electrical parameters are shown in Table 2. After
the MAO treatment, the samples were cleaned in anhydrous ethanol and air-dried for
subsequent use.

Table 2. Electrical Parameters of Micro-arc Oxidation Process.

Electrical Parameters Constant Voltage Mode Constant Current Mode
Time 0-5 min 6-15 min
Current - 15A
Voltage 400V -
Positive Duty Cycle 30% 30%
Negative Duty Cycle 70% 70%
Frequency 600 Hz 600 Hz

2.3. Testing and Characterization
2.3.1. Microstructure and Composition Analysis

The surface morphology, cross-sectional microstructure, and wear scar morphology
of the coatings were characterized and analyzed using a ZEISS Merlin Compact JSM-6480
(Tokyo, Japan) field emission scanning electron microscope. Additionally, the energy disper-
sive spectroscopy (EDS) function integrated into the system was employed to investigate
the elemental distribution on the coating surface and within the wear scars. In this work,
the ratio of calcium (Ca) to phosphorus (P) elements in the coating is extensively presented
and analyzed. This is because the ratio can intuitively reflect the biocompatibility of the
coating; therefore, the symbol R¢, /p is used to denote this ratio.

The three-dimensional topography of the coatings was captured using a Japanese
Olympus LEXT OLS4000 (Tokyo, Japan) confocal laser scanning microscope. The surface
line roughness of the coatings was also measured. During the measurement process,
five sets of data were collected for each sample, and the average value was taken as the
comprehensive surface roughness of the coating.

2.3.2. Phase Analysis

Phase identification of the coatings was carried out using an X-ray diffractometer (D8
Advance, Bruker, Germany) with Cu K« radiation operated at 40 kV. The scanning range
was set from 20° to 90° (26) at a rate of 4° /min. The obtained patterns were analyzed using
Jade9 software, and the main peaks were compared with the standard Powder Diffraction
File (PDF) database to determine phase composition.

XPS was used for more precise phase analysis of MAO coatings. The MAO coating
was cut on the flank to obtain a slice with a thickness of 3 mm, the slice was then furtherly
cut into a piece of 3 x 3 x 3 mm. Thermo Fisher Nexsa XPS was used; wide scan and
C1s, Ols, Ca2p, and P2p narrow scans were obtained. The spectra were subjected to data
processing via the Avantage program. Monochromatic Al K « radiation (h v = 1486.6 eV)
was employed, and all spectra were energy-calibrated using the adventitious carbon C 1s
peak (binding energy 284.8 eV) as an internal reference.
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2.3.3. Tribological and Mechanical Properties

Wear resistance was evaluated using a high-temperature friction and wear tester. The
tests were conducted under a normal load of 5 N, a sliding distance of 10 mm, and a
hardened steel ball (HRC 63) as the counterpart material. After testing, the wear scars were
examined by confocal laser microscopy to assess wear track morphology and volume loss.

Nanoindentation and scratch tests were performed with a nano-mechanical testing
system (NHT2 and CPX, CSM Instruments (Peseux, Switzerland). The indentation was
conducted using a Rockwell indenter with a radius of 100 pm, applying a load up to 20 N.
During scratch testing, the load was progressively increased from 0.3 N to 20 N over a
scratch length of 5 mm. The critical load at which coating delamination occurred was taken
as the adhesion strength. For each material type, three parallel samples were prepared, and
all tests were conducted in triplicate, with average values reported.

2.3.4. Electrochemical Characterization

Electrochemical impedance spectroscopy (EIS) was performed using a CHI660E
(Shanghai Chenhua Instrument Co., Ltd. Shanghai, China) electrochemical workstation in
Hank’s solution at 37 °C. A three-electrode configuration was used, with the MAO-coated
sample as the working electrode, a saturated calomel electrode (SCE) as the reference, and
a platinum plate as the counter electrode. The frequency range was 10° Hz to 10~2 Hz, and
the obtained spectra were fitted using ZSimpWin v3.60 software based on an equivalent
circuit model. To ensure the reproducibility of the electrochemical results, six parallel
samples of each type were prepared for electrochemical testing.

2.3.5. Wettability and Antibacterial Evaluation

The static water contact angle of each coating was measured using a goniometer to
assess surface wettability. This study employed E. coli to evaluate the antibacterial proper-
ties of the coatings. The antibacterial tests were conducted within biological laboratories,
utilizing specialized equipment and instruments, including an autoclave, a thermostatic
water bath oscillator, a vertical clean bench, an ultraviolet spectrophotometer, a biochemical
incubator, a centrifuge, and various glass containers. Additionally, consumables such
as E. coli, beef extract peptone medium (BPM), beef extract peptone agar medium, and
normal saline were employed. All glass vessels, containers, and centrifuge tubes were
meticulously wrapped in newspaper and securely sealed with rubber bands to prepare for
the experiment. Subsequently, they underwent sterilization in an autoclave at 120 °C for a
minimum of 40 min. The experiment commenced with the activation of E. coli, which had
been refrigerated at 0 °C. This activation involved placing the E. coli into pre-prepared BPM
and cultivating it in a thermostatic shaker incubator at 37 °C for 24 h. The resulting liquid
culture of E. coli was divided into five equal portions. Four portions contained samples
of MAO coating prepared with NaAlO2 electrolyte concentrations of 3, 6,9, and 12 g/L,
individually, while the fifth served as the control group. All portions were stored in a
thermostatic incubator for 18-24 h of cultivation. Following the incubation, each portion
of the E. coli liquid underwent an absorbance test in an ultraviolet spectrophotometer to
ascertain and adjust the bacterial concentration as needed for subsequent experiments. A
dilution process was then performed, involving the extraction of 1 mL of E. coli liquid into
two centrifuge tubes, followed by centrifugation at 2000 r/min for 2 min. Afterward, 0.5 mL
of the condensed E. coli at the bottom of both tubes was extracted, and this was combined
to form 1 mL of primary E. coli. This primary E. coli liquid was diluted to 107 of the
original concentration by repeating the extraction—centrifuge—dilution steps. Subsequently,
for each group, the diluted liquid was thoroughly agitated using a shaker, and 200 uL of
the diluted E. coli liquid was carefully applied to a solid medium plate using a right-angle
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glass rod. After 20 min of drying in ambient conditions, the coated solid medium plates
were stored in a thermostatic incubator at 37 °C for 24 h. The antibacterial activity of the
MAO coating was determined by counting the bacterial colonies on each solid medium
plate, with a smaller number of colonies indicating a stronger antibacterial effect. For each
test group, three parallel samples were designed, and the antibacterial rate of the coatings
was determined based on the number of bacterial colonies [35].

3. Results and Discussion
3.1. Macroscopic Morphology and Microstructure of MAO Coating

The macroscopic morphology of MAO coatings formed on magnesium alloys subjected
to different welding processes is illustrated in Figure 1. As can be seen that the surface of the
substrate is uniformly covered with a continuous and intact grayish-white MAO coating.
The coating exhibits a dense texture and uniform distribution, without visible defects such
as excessive accumulation of molten substances, protrusions, cracks, or uncovered areas.
Therefore, it can be inferred that the spark discharge reaction during the MAO process is
uniform and stable, leading to a favorable coating growth state. In addition, it is observed
that even at the edges and corners of the specimens-where tip discharge ablation defects
are highly prone to occur-intact, dense MAO coatings closely bonded to the substrate are
successfully formed, indicating that the original magnesium alloy substrate is perfectly
encapsulated by the MAO process. A comparison of the MAO coatings on magnesium
alloys processed by different welding techniques reveals no significant differences in terms
of surface color, flatness, or compactness. This phenomenon demonstrates that variations
in the substrate welding process do not exert a notable influence on the macroscopic
morphology of the surface MAO coatings.

LILILIL ]

Figure 1. Macroscopic morphology of MAO coatings on alloys processed by different FSP processes.
(a) 1300-3 passes; (b) 1500-1 passes; (c) 1500-3 passes; (d) 1500-5 passes; (e) 1700-3 passes.

The surface micro-morphologies of the MAO coatings formed on the magnesium al-
loys processed under different friction stir processing conditions are shown in Figure 2. The
coatings produced under different welding parameters exhibited similar microstructural
characteristics. Like many previous studies, the micro-arc oxidation coatings prepared in
this paper all featured a uniformly porous surface with pore diameters of approximately
3-5 um. All MAO coatings showed the typical “volcanic crater” morphology commonly
associated with micro-arc oxidation surfaces [34], accompanied by the presence of mi-
crocracks. The formation of micropores was mainly associated with the escape of gas
bubbles and the breakdown channels created by spark discharges during the MAO process.
Under high temperature and pressure, the molten oxides produced by these discharges
were expelled from the discharge channels and subsequently accumulated on the surface,
leading to the development of crater-like structures. In addition, rapid cooling provided
by the water-cooling system caused thermal shock during solidification, which in turn
promoted the formation of microcracks within the coating [36,37]. In addition, two typical
types of surface micropores were observed on the MAO coatings formed under different
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welding conditions. The first type, referred to as the “hole-in-hole” structure shown in
Figure 2, was produced by repeated dielectric breakdown. This feature mainly originated
from in situ spark discharge events. During the early stage of the discharge process, the
MAOQ reaction occurred primarily inside the discharge channel, where the molten products
were expelled and accumulated around the channel edges. The deposition of these oxides
gradually thickened the surrounding coating region, making subsequent breakdown more
difficult [38]. As the spark discharge continues, secondary in situ breakdown tends to occur
within pre-existing weak pores [39], leading to the formation of the “hole-in-hole” morphol-
ogy. The second type was identified as a “repaired blind-hole” structure, which differed
slightly from the first one. After the formation of initial discharge pores, the molten oxides
generated during subsequent discharges could partially fill the existing pores, thereby in-
creasing local resistance and suppressing further MAO reactions. As a result, the discharge
sparks tended to migrate toward neighboring weak regions, where they sealed the previ-
ously formed pores and left only shallow openings on the surface, producing the so-called
“repaired blind-hole” morphology. These two pore-growth mechanisms occurred simul-
taneously during the MAO process and are also innovative conclusions verified through
numerous experiments conducted by the research group. Although spark discharge break-
down took place repeatedly, the molten zones and surrounding micropores still exhibited
disk-like features. At the beginning of the process, the molten ceramic oxides primarily
spread laterally, leading to the formation of island-shaped surface structures [40,41]. As
the MAO discharge intensified, the rising thermal energy promoted the outward ejection
and diffusion of molten oxides from the discharge channels, leading to oxide accumulation
around nearby pores. This process enhanced the interaction between adjacent islands and
gradually facilitated their sintering and coalescence, ultimately giving rise to the formation
of a porous MAO coating.

As shown in the cross-sectional images, metallurgical bonding was achieved between
the coatings and the magnesium alloy substrates. The interfaces exhibited an undulating,
wave-like morphology, suggesting strong adhesion between the two layers. The coating
thicknesses obtained under different processing parameters were generally consistent, with
an average value of approximately 30 pm. Slightly thicker coatings, reaching about 35 um,
were produced under the 51500-3, 51500-5, and 51700-3 conditions. A few blind pores
and microcracks were observed within the coatings; these defects were discontinuously
distributed and did not extend to the substrate. Further comparison of the cross-sectional
microstructural characteristics of the coatings prepared under different process conditions
reveals that when the substrate was processed with 5S1500-3 and 51500-5 passes, the coatings
exhibited smaller pore sizes, a significant reduction in defect count, uniform thickness
distribution, and high overall surface flatness, demonstrating excellent compactness and
structural integrity. This indicates that optimized FSP can effectively improve the surface
microstructure uniformity of magnesium alloys and enhance the stability of discharge
behavior during MAO, thereby facilitating the formation of a denser ceramic coating. In
contrast, under the 51300-3 and S1500-1 pass conditions, the coatings showed relatively
larger pores and an increased number of defects, with a corresponding decrease in compact-
ness. This phenomenon suggests that insufficient thermo-mechanical coupling effect of FSP
at low pass counts or low rotational speeds fails to provide a stable interfacial condition
for subsequent coating growth. Although the coating obtained under the S1700-3 pass
condition was thicker, it contained a higher density of microcracks. This indicates that
under high heat input and stress, the coating is more prone to brittle cracking, which may
adversely affect its overall corrosion resistance. In summary, variations in the substrate’s
FSP parameters result in subtle differences in the microstructure and defects of the subse-
quent MAO coatings. Among all tested conditions, the coatings prepared on substrates
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processed with 51500-3 and 51500-5 passes exhibit a denser structure with fewer defects,
laying a solid foundation for improving the corrosion resistance and service performance
of the coatings in subsequent applications.
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Figure 2. Micro-morphology of MAO coatings on alloys processed by different FSP processes.
(a,b) 1300-3 passes; (c,d) 1500-1 passes; (e,f) 1500-3 passes; (g,h) 1500-5 passes; (i,j) 1700-3 passes.

3.2. Phase and Elemental Analysis of MAO Coating

As observed in Figure 3, the phase compositions of the coatings obtained under the
five FSP parameters were essentially similar, consisting mainly of Ca3(PO4)2, MgCOs3, Mg,
MgSiO3, and MgO. Among these, Mg,SiO3 and MgO were the dominant phases in all
coatings. Generally, when the electrolyte contains silicate and phosphate components, MgO
becomes the primary phase after MAO. Under spark discharge, HyO decomposes into
Hj; and OH™, followed by further decomposition of OH™ into Oy; the reaction between
Mg and O results in the formation of MgO. The high melting point and high electrical
resistivity of MgO contribute to the excellent thermal stability and corrosion resistance of
the coating. Moreover, MgO exhibits good biocompatibility and causes minimal irritation
to human tissue, endowing the MAO coatings on magnesium alloys with great potential as
biomedical implant materials. It can enhance corrosion resistance and delay degradation
while maintaining biosafety. The Mg,SiO3 phase forms when Mg?* ions from the substrate
diffuse outward and react with SiO32~ ions in the electrolyte under the influence of a strong
electric field. Similar to MgO, Mg,SiO3 exhibits high hardness and excellent corrosion
resistance. The molten Mg,5iO3 formed during high-temperature oxidation possesses good
fluidity, allowing it to penetrate and fill the micropores and microcracks within the MAO
coating during rapid solidification, thereby enhancing coating compactness. Magnesium
silicate can also release bioactive SiO3*~ ions in simulated body fluid, which stimulate
osteoblast proliferation, differentiation, and mineralization. Owing to the high hardness of
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both MgO and Mg,SiO3, their combined presence produces a synergistic strengthening
effect that markedly improves the hardness and wear resistance of the coating. This
enhancement not only helps resist surface scratches and abrasion but also promotes better
osseointegration and slows the degradation rate. In addition, Caz(PO4); within the MAO
layer can induce the deposition of Ca?* and PO,3~ ions from body fluids onto the surface,
facilitating new bone formation.
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Figure 3. Physical phase analysis of MAO coatings on alloys processed by different FSP processes.

To further quantitatively characterize the structural features of the coating, this study
employed the peak area integration method to calculate the crystallinity of the main
phases. The results showed significant differences in the degree of crystallinity among
the various phases. Specifically, the crystallinity values of Caz(POy4),, Mg, and MgO were
98.86%, 93.01%, and 98.02%, respectively, all approaching a highly crystalline state. This
indicates that these phases underwent sufficient high-temperature melting and oriented
crystallization during the micro-arc discharge process, resulting in well-developed crystal
grains. The crystallinity of MgSiO3 reached 95.23%, demonstrating that the silicate structure
also exhibits strong crystallization ability under the high-temperature environment of the
discharge channel. In summary, all main ceramic phases in the coating exhibited high
crystallinity, which suggests that the instantaneous high temperature and rapid cooling
during the MAO process promoted the formation and refinement of the crystal structure.
Unlike the aforementioned phases, the crystallinity of MgCO3 was only 42.22%, yet its
diffraction peak was the strongest in the entire spectrum. This indicates that MgCOs has a
relatively high content and is one of the important constituent phases in the coating. The
phenomenon of “high peak intensity but low crystallinity” is mainly related to the poor
thermal stability of MgCOj3. During the MAO process, carbonates may undergo partial
decomposition and structural reorganization under high temperature and discharge impact,
making it difficult for their crystals to develop completely and thus forming a large number
of semi-crystalline or nanocrystalline regions. Such low-crystallinity phases can play a
structural buffering role to a certain extent, which is beneficial for the coating to release
thermal stress and may also improve its local toughness. Additionally, during the MAO
process, the magnesium substrate undergoes local melting around the discharge pores,
followed by rapid solidification. This process not only enables Mg to exhibit a relatively
high degree of crystallization (93.01%) but also helps enhance the bonding between the
coating and the matrix, improving the overall structural stability. As a result, MAO coatings
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on magnesium alloys demonstrate excellent corrosion resistance and biocompatibility,
highlighting their strong potential for biomedical applications.

Figure 4 and Table 3 show that, in the elemental composition of the MAO coatings
(examined by SEM), O, Mg, and Si were the predominant elements in the coatings, with
relatively high concentrations. The Ca and P contents in the coatings were lower than those
of O, Mg, and Si; however, their proportions varied with the processing parameters. The
Rca/p of the coatings formed under the S1300-3 and S1500-1 conditions were relatively
low, whereas those obtained under the S1500-3, S1500-5, and S1700-3 conditions exhibited
higher Rc,/p, reaching up to 1.44. This value is close to that of natural human bone (R¢,/p
~ 1.67) and significantly higher than the R, /p of the MAO coating formed on the as-cast
ZK60 magnesium alloy substrate without FSP treatment [42]. The R¢,/p is considered an
important indicator of the biological performance of coatings. The closer the R¢,p is to
that of human bone, the better the coating can support osteoblast adhesion and growth
on the implant surface [43]. The MAO coatings exhibited Rc,/p close to that of natural
bone, although they remained slightly lower than the value measured for the substrate
(1.61). Higher Ca/P ratios were obtained for the coatings prepared under the S1500-3,
51500-5, and S1700-3 conditions, which is likely related to the improved dispersion of HA
particles within the matrix as both stirring speed and the number of FSP passes increased.
The more uniformly distributed HA in the substrate promoted the release of Ca* and
PO,3~ ions during the MAO process, facilitating the formation of Ca~P compounds and
thereby increasing the R, /p in the coatings. Therefore, it can be concluded that the MAO
coating formed on the magnesium alloy processed under the S1500-3 condition exhibited
the highest Ca/P ratio among all samples, indicating superior biological performance. This
coating can effectively induce osteoblast growth on its surface [44].
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Figure 4. Elemental composition trends of MAO coatings on alloys processed by different FSP processes.

Since the peaks of Ca and P elements detected by XRD are relatively low, and the
content of Ca and P elements shown in Table 3 is also low, XPS analysis was performed to
further identify the chemical states of Ca and P on the MAO coating on the magnesium alloy
processed under the 51500-3 condition, as shown in Figure 5. Figure 5a presents the survey
spectrum of the coating, in which the characteristic peaks of P 2p, Ca 2p, O 1s, and Mg 1s
were detected. According to the Mg 1s spectrum in Figure 5b, both MgO and metallic Mg
were identified on the coating surface, with binding energies of 1303.88 eV and 1299.68 eV,
respectively. The O 1s spectrum shown in Figure 5c indicates the presence of MgO and
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MgCO;3, whose characteristic peaks were located at 531.18 eV and 531.98 eV, respectively.
As shown in Figure 5d, the P 2p spectrum reveals the presence of metal phosphides and
metal phosphates in the coating. Combined with the XRD results, the metal phosphate can
be confirmed as Caz(POy),, corresponding to a binding energy of 134.18 eV, while the metal
phosphide peak appeared at 133.18 eV. The Ca 2p spectrum in Figure 5e further confirms the
existence of Caz(PO4), and CaCOj3, with their characteristic peaks located at 351.28 eV and
347.28 eV, respectively. Based on the XPS analysis, five phases—MgO, MgCO3, Caz(POy4),,
CaCO;3, and metal phosphate—were identified in the MAO coating. Combined with the
XRD phase analysis, the metal phosphate can be determined as Caz(POy),. Therefore,
the MAO coating on the S1500-3 FSP-processed magnesium alloy consisted of five major
phases: Caz(POy),, CaCO3, Mg, Mg,SiO3, MgO, and Ca,P,05.
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Figure 5. XPS analyses of MAO coatings on alloys processed by 1500-3 passes. (a) XPS total spectrum;
(b) Mg 1s; (c) O 1s; (d) P 2p; (e) Ca 2p.
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Table 3. Elemental content of MAO coatings with different FSP processes (at?%).
Processing Condlt_l(?n/Elemental o Mg Si P Ca Ca/P
Composition
51300-3 34.13 50.44 12.13 1.55 1.75 1.13
51500-1 49.07 37.33 6.33 3.40 3.86 1.14
51500-3 37.99 42.01 13.58 2.63 3.79 1.44
51500-5 45.54 40.50 9.07 2.05 2.85 1.39
51700-3 41.01 45.10 9.19 1.93 2.76 143

3.3. Properties of MAO Coating
3.3.1. Surface Roughness of MAO Coating

The surface roughness of MAO coatings on magnesium alloys processed by five
different techniques was measured using an Olympus laser confocal microscope, and the
test results are presented in Figure 6. To ensure the reliability of the test data, five distinct
characteristic regions were selected on the surface of each specimen. Within each region,
one test line was arranged perpendicular to the FSP direction, resulting in a total of five
valid test lines per specimen. The line roughness (Ra) of each test line was calculated using
the analytical software integrated with the instrument, and the arithmetic mean of the five
line roughness values was adopted as the final roughness data for the MAO coating of
the corresponding specimen. This approach effectively avoids accidental errors caused
by single test points. As clearly illustrated in the roughness statistical results in Figure 6,
the roughness values of the MAO coatings corresponding to the five different processed
substrates are all within the same order of magnitude, with slight numerical differences.
Among them, the magnesium alloy substrate treated by the S1700-3 process exhibits the
highest roughness, with an average coating roughness (Ra) of 3.52 um, while the specimen
processed by the S1500-3 process shows the lowest roughness, with an average coating
roughness of 3.25 pm. The difference in roughness between the two is merely 0.27 um. This
result indicates that within the range of welding process parameters set in this experiment,
different FSP techniques exert no significant influence on the surface roughness of the MAO
coatings, which is well consistent with the uniform and dense macroscopic morphology of
the coatings shown in Figure 1. It can also be observed from the surface microtopography
of the coatings in Figure 2 that all MAO coatings corresponding to the five processes exhibit
typical structural characteristics: uniformly distributed micro-pores of similar sizes, slightly
dispersed microcracks, and traces of minor molten substance accumulation. Additionally,
no obvious local protrusions, depressions, or large-area irregular undulations are found
on the coating surfaces, which generally present a uniform and flat microstate. It is the
consistency in this microstructure that leads to the slight differences in the macroscopic
roughness values among the various coatings, further verifying the conclusion that FSP
techniques have little impact on coating roughness.

Furthermore, the 3D topography diagrams of the coatings attached in Figure 6 more
intuitively demonstrate the surface undulation characteristics of the coatings under dif-
ferent processes. Compared with the other three processes, the MAO coatings obtained
by the S1500-3 pass and 51700-3 pass processes exhibit slightly smaller heights of surface
protrusions, depths of depressions, and fluctuation amplitudes of overall undulations,
showing relatively better surface flatness. However, this difference is still negligible and
does not alter the core conclusion that “different FSP techniques have no significant effect
on coating roughness.” Combined with the results of coating microtopography observation
and 3D topography analysis, it can be concluded that adjusting the FSP parameters has a
limited regulatory effect on the surface roughness of MAO coatings. Instead, the coating
roughness is mainly dominated by inherent reaction mechanisms during the MAQO process,
such as discharge ablation and melting-cooling.
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Figure 6. Average roughness of MAO coatings on alloys processed by different FSP processes.
(a) 1300-3 passes; (b) 1500-1 pass; (c) 1500-3 passes; (d) 1500-5 passes; (e) 1700-3 passes;

3.3.2. Wear Resistance of MAO Coating

For metallic biomedical implants, wear resistance is a key factor that directly deter-
mines their long-term safety, functional stability, and biological compatibility. As a bone
implant material, adequate wear resistance is indispensable; insufficient resistance can
lead to impaired bone healing and even cause secondary injury. Friction between the
implant and the surrounding tissues may also generate wear debris, which disrupts the
bonding between the implant and the bone matrix. The accumulation of such particles can
induce aseptic loosening and eventually lead to implant failure. Nevertheless, excessive
hardness is not always beneficial. When an implant is overly wear-resistant, the increased
friction against bone during motion can damage adjacent tissues and trigger secondary
trauma. For joint replacement implants in particular, high wear resistance remains crucial,
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as these components must endure tens of thousands of cyclic loads and repeated frictional
contacts throughout their service life [45,46]. In contrast, non-articulating implants have
relatively lower wear-resistance requirements, but the material must still avoid generating
wear particles that could induce inflammation, osteolysis, or other adverse biological reac-
tions. Therefore, the wear resistance of MAQO coatings produced under different processing
conditions was investigated in this study.

According to the phase analysis discussed above, MgO and Mg,SiO3; were identified
as the main components of MAO coatings. Both phases possess high hardness, and
their synergistic effect can significantly enhance the hardness and wear resistance of the
magnesium alloy, effectively protecting the surface from scratching and abrasion. The
two phases form a multiphase composite structure in the MAO coating, which not only
exerts a dispersion strengthening effect but also significantly enhances the hardness and
resistance to plastic deformation of the surface material by impeding dislocation motion
and microcrack propagation. Consequently, the service performance of magnesium alloys
under contact fatigue and sliding wear conditions is effectively improved.

As shown in Figure 7, the wear morphologies and elemental analyses indicate that
a considerable amount of Fe was detected on the worn surfaces. The Fe originated from
the steel-ball counterbody used during the wear tests. The adhesion of Fe to the coating
surface suggests that mutual wear occurred between the steel ball and the coating during
sliding. The Fe element transfer mechanism can be attributed to adhesive wear induced by
the combined effect of local high contact stress and transient frictional heat. During cyclic
sliding, plastic deformation and local welding occur between microasperities, resulting in
the transfer of steel ball material to the ceramic coating surface in the form of micron-scale
particles. This constitutes a typical material transfer behavior in three-body wear. More-
over, the contents of Mg, Ca, P, and Si decreased after the wear test, indicating that MgO,
Mg,SiO3, and other constituents of the coating were transferred and adhered to the steel
ball surface during the wear process. This indicates that the main phases in the coating,
including MgO, MgCQ3, and ceramic phases containing Ca and P, underwent mechanical
spallation, brittle fracture, or tribochemical reactions during the friction process. Some
of these phases were transferred and reversely adhered to the surface of the counterbody
steel ball, forming a light-colored transfer film. This phenomenon suggests that under the
test conditions, the wear mechanism of the coating surface involves not only mechanical
removal processes such as brittle spallation and abrasive wear but also significant tribo-
chemical behaviors. Under the coupling effect of frictional heat and contact stress, the
surface layer material may undergo non-equilibrium phase transformation, accelerated
oxidation, or even decomposition reactions, thereby accelerating material loss. During the
friction process, the MAO coating protects the magnesium alloy substrate through its own
wear and material transfer. Its high hardness and multiphase composite structure effec-
tively inhibit the further propagation of wear, demonstrating excellent wear resistance and
a potential energy dissipation mechanism. As shown in Figure 8, the wear volume of the
coatings conditions varied only slightly after 10 min of testing, ranging from approximately
2.3 x 10° to 3.0 x 10° um3. The coating prepared under the S1300-3 condition exhibited the
highest wear volume of 3.05 x 10° um3, whereas the coating produced under the $1500-3
condition had the lowest wear volume of 2.37 x 10° um®, demonstrating superior wear
resistance among the five coatings.
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Figure 7. Elemental analysis of wear morphology of MAO coatings. (a) 1300-3 passes; (b) 1500-1 pass;
(c) 1500-3 passes; (d) 1500-5 passes; (e) 1700-3 passes.
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Figure 8. Wear volume of MAO coatings. (a) 1300-3 passes; (b) 1500-1 passes; (c) 1500-3 passes;
(d) 1500-5 passes; (e) 1700-3 passes.
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3.3.3. Elastic Modulus and Adhesion Strength of MAO Coating

Biomedical implant materials require their elastic modulus to be as close as possible to
that of the replaced bone tissue to minimize the “stress shielding effect”. If the elastic mod-
ulus of the implant (especially load-bearing implants such as bone plates, intramedullary
nails, and joint stems is much higher than that of human cortical bone (clinically recognized
cortical bone elastic modulus ranges from approximately 10-30 GPa), during the process
of bearing mechanical loads after implantation, the stiffer implant will become the main
carrier of mechanical loads, thereby significantly diverting the stress that should originally
be borne by the bone tissue. This redistribution of stress transmission will cause the bone
tissue under and around the implant to be in a low-stress stimulation environment for a
long time. Long-term lack of sufficient stress will trigger a metabolic imbalance where
bone resorption exceeds bone formation, ultimately manifesting as decreased bone density,
atrophy of trabecular bone, and gradual weakening of the bony support structure around
the implant. With the decline in bone support capacity, the interfacial bonding strength
between the implant and bone tissue will continue to decrease, which in turn leads to
implant loosening and displacement. In severe cases, it may even cause implant fracture
or surrounding bone fracture due to local stress concentration, directly affecting the ther-
apeutic effect of implantation surgery and the long-term quality of life of patients. From
the perspective of ideal design goals, the elastic modulus of the implant should achieve
complete matching with bone tissue to ensure uniform transmission of mechanical loads
between the implant and bone tissue, which not only avoids the stress shielding effect but
also provides the mechanical stimulation required for bone tissue to maintain its normal
physiological functions. However, currently clinically used medical metal materials all
have the problem of excessively high elastic modulus. Among them, the elastic modulus
of 316L medical stainless steel is as high as 200 GPa, the elastic modulus of Co-Cr alloy
is as high as 250 GPa, which are far beyond the mechanical adaptation range of bone
tissue and cannot meet the modulus requirements of ideal implant materials [47]. Hence,
developing materials with lower elastic modulus is a primary approach to mitigating the
stress-shielding effect.

In this study, since the thickness of the coating is usually at the micrometer level,
which is much lower than the applicable test range of universal hardness testers, the use
of traditional mechanical property testing methods not only makes it difficult to obtain
accurate hardness data but also may cause coating cracking or peeling from the substrate
due to excessive test load, failing to truly reflect the mechanical properties of the coating
itself. Based on this, this paper adopts nanoindentation technology to test the hardness of
different coatings, realizing accurate characterization of the coating’s hardness and elastic
modulus without damaging the coating structure. After obtaining the load—displacement
curves of the coatings through nanoindentation experiments, the experimental data were
analyzed in combination with the Oliver-Pharr calculation model to convert and obtain
the elastic modulus of each coating. The finally derived test results of the coating elastic
modulus are shown in Figure 9. In previous work by our team, it was found that when
fabricating Mg/HA composites via FSP, among the five welding parameters tested, the
51500-3 FSP process resulted in uniform distribution of HA powder within the alloy,
significant grain refinement, and the formation of a weak texture. The elastic modulus of
the alloy under this process was measured at 32.08 GPa, which is highly close to that of
human bone. Under other processing conditions, the elastic modulus ranged from 32.75 to
37.91 GPa, also remaining at a relatively low level. Therefore, depositing a bio-coating on
the surface of the treated alloy can further reduce the material’s elastic modulus. As shown
in Figure 9b, all MAO coatings exhibited elastic moduli below 100 GPa, ranging from 69
to 90 GPa, which are slightly higher than that of natural bone tissue. Among them, the



Coatings 2025, 15, 1362

18 of 27

Indenter load (mN)

coating prepared on the magnesium alloy processed under the S1500-3 condition exhibited
the lowest elastic modulus of 69.06 GPa, making it the closest to that of human bone among
all samples.
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Figure 9. (a) Nanoindentation of MAO coatings (b) Modulus of elasticity of MAO coating.

As shown in Figure 10a, the PD curve represents the probe penetration depth during
the scratching process, while the AE curve corresponds to the acoustic emission signals
recorded simultaneously. Owing to the porous and relatively loose microstructure of the
MAO coatings, the acoustic emission signals fluctuated continuously throughout the test.
This behavior differs from that of brittle coatings, which typically exhibit a sharp and
pronounced AE peak upon cracking or delamination [29,48]. In this study, the adhesion
strength was determined based on the microscopic morphology of the coating at the
moment when the probe penetrated the coating. As indicated at point (A) in the lower part
of the image, the coating surface changed from gray to bright white, suggesting that the
probe had reached the coating—substrate interface and the coating began to rupture. The
critical load applied by the indenter at the onset of coating failure was defined as Lc. A
higher Lc value indicates better coating adhesion, and thus Lc was used to characterize the
adhesion strength of the MAO coatings.

By comparing the adhesion strength of the five MAO coatings, it was found that the
coatings prepared under the 51300-3, S1500-1, and 51700-3 processing conditions exhibited
relatively low adhesion strength, ranging from approximately 10.5 to 11.5 N. As can be
observed from Figure 2, the coatings were thinner and contained microdefects such as
pores and microcracks, which likely contributed to their reduced adhesion strength. In
contrast, the coatings formed on the substrates processed under the S1500-3 and S1500-5
conditions exhibited more uniform and compact structures with fewer pores and cracks,
resulting in significantly improved adhesion strength. Among them, the coating obtained
under the S1500-3 condition demonstrated the highest adhesion strength of 14.485 N, as
shown in Figure 10.

Compared with the MAO coating prepared on the surface of the magnesium alloy
without FSP, the bonding strength is significantly improved, increasing from 8.75 N to
14.485 N, with an approximate increase of 60%, as shown in Figure 10f. The difference
between the two coatings lies in the different substrates, it can be concluded that when
the MAO reaction is carried out with the Mg/HA magnesium matrix composite as the
substrate, on one hand, the elements in the electrolyte react on the surface of the magnesium
alloy to form Ca-P compounds; on the other hand, the Ca and P elements provided by
the uniformly distributed HA powder in the substrate undergo mass transfer from the
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substrate to the surface through the electric spark breakdown channels to form a Ca-P
compound. As a result, a large number of chemical reactions occur at the interface, resulting
in significant improvements in both the coating’s adhesion and biological properties.
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Figure 10. Adhesion strength of MAO coatings. (a) 1300-3 passes; (b) 1500-1 passes; (c) 1500-3 passes;
(d) 1500-5 passes; (e) 1700-3 passes; (f) MAO process.

3.3.4. Corrosion Resistance of MAO Coating

Studies have shown that after the coating is immersed in corrosive media, such as
simulated body fluid and seawater for a certain period of time, the corrosive media will
penetrate into the interior of the coating through the micro-pores on the surface. Moreover,
the interior of the coating has typical structures such as “pore-in-pore” and microcracks;
therefore, the corrosive media can seep into the coating interior along these micro-pores
and cracks. At this point, corrosion occurs simultaneously on the surface and inside of the
coating. The corrosion process of the coating starts with pitting corrosion, after the corrosion
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pits expand, they connect with each other, forming large-area corrosion. Meanwhile, the
hydrogen gas generated during the corrosion reaction and massive corrosion products will
accumulate inside the coating and at the interface, generating significant internal stress.
This ultimately leads to the peeling off of the film layer, causing it to lose its protective
effect on the substrate [49].

The electrochemical test results of the five coatings in this work are shown in Figure 11.
The corrosion resistance of the coatings can be directly reflected by the diameter of the
capacitive reactance arc in the Nyquist plot of Figure 11a, the Bode plot in Figure 11b
is helpful for analyzing the uniformity and protection efficiency of the coatings. Table 4
presents the specific values obtained by fitting the experimental data in Figure 11 based
on the equivalent circuit model, which provides a basis for the accurate analysis of the
corrosion resistance of different coatings. When constructing the equivalent circuit model,
in order to more accurately describe the electrochemical behavior of the coating system,
this study uses a Constant Phase Element (CPE) to replace the ideal capacitor element. This
treatment is based on the non-ideal capacitive behavior caused by the surface inhomo-
geneity of the coating, the existence of micro-defects, and the dispersion effect of current
distribution, and this method is a widely recognized standard practice in this field [50,51].
Among the parameters, Rs represents the resistance of the Hank’s solution, Rc is connected
in parallel with CPEc, which together describe the resistance and capacitance characteristics
of the coating. Rct is connected in parallel with CPEct, which is used to simulate the charge
transfer process at the metal/solution interface. Among all parameters, the charge transfer
resistance (Rct) is a key indicator for evaluating the overall corrosion resistance of the film
layer. A larger Rct value indicates greater resistance to corrosive ions passing through
the film layer to reach the substrate and undergo electrochemical reactions; therefore, the
corrosion resistance of the sample is usually more excellent [52,53].
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Figure 11. Electrochemical characterization of MAO coatings on alloys processed by different FSP
processes. (a) Nyquist Plot; (b) Bode Plot.

Table 4. Equivalent circuit fitting data.

FSP Rs (Q)-cm?) Rc (Q-cm?) Ret (Q2-cm?)
$1300-3 35.81 136.3 1.50 x 10*
51500-1 20.15 100 1.03 x 10*
$1500-3 30.36 1000 2.22 x 104
$1500-5 10 297.6 1.98 x 10*

$1700-3 10 502.7 2.05 x 10*
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The microstructure of the microarc oxidation coating directly influences its corrosion
resistance performance, including both coating thickness and compactness. A dense coating
with smaller pore sizes, fewer microcracks, and greater thickness can effectively improve
corrosion resistance [54]. As shown in the impedance spectra in Figure 11 and the fitted data
in Table 4, all five coatings exhibited impedance values on the order of 10* Q2-cm?, which is
one to two magnitudes higher than that of substrate. The slight differences in impedance
among the five samples indicate that variations in the FSP parameters influenced the
substrate microstructure more strongly than the MAO coating itself. Consistent with the
cross-sectional morphologies in Figure 2, the coating fabricated under the S1500-1 condition
displayed relatively large microcracks and reduced thickness. A thinner coating with
larger pores increases the probability of corrosive medium penetration, allowing direct
attack on the substrate and resulting in inferior corrosion protection. Consequently, this
coating showed the lowest corrosion resistance, with an R; value of 1.03 x 10* Q-cm?.
In contrast, the coatings formed on S1500-3, S1500-5, and S1700-3 conditions exhibited
more uniform and compact cross-sectional morphologies with greater thickness, leading
to superior corrosion resistance. Among them, the coating obtained under the S1500-3
condition showed the highest impedance value of 2.22 x 10* Q-cm?. As confirmed by the
microstructural observations in Figure 2, this coating had the smallest number of pores
and cracks as well as the greatest effective thickness, thereby exhibiting the best corrosion
resistance among all samples.

3.3.5. Wettability and Antibacterial Properties of MAO Coating

For the success of any biomedical implant device, cell adhesion, proliferation, and
differentiation are among the most critical processes, which fundamentally depend on
the physical and chemical properties of the implant surface [55,56]. Cellular activity is
strongly influenced by surface roughness, contact angle, morphology, and composition [57].
Wettability is a key parameter for evaluating the biocompatibility of biomedical materials.
In general, hydrophilic surfaces promote better cell adhesion and spreading, since most
mammalian cells adhere more readily to moderately hydrophilic surfaces, where the contact
angle typically ranges between 40° and 70° [58,59]. Conversely, surfaces that are either ex-
cessively hydrophobic (8 > 90°) or extremely hydrophilic (8 < 10°) tend to hinder the initial
adhesion and spreading of cells, although the optimal contact angle may vary depending
on the specific cell type. Generally, moderately hydrophilic surfaces are associated with
more favorable biological responses, including reduced nonspecific protein adsorption,
enhanced cell adhesion, spreading, proliferation, and differentiation, as well as improved
hemocompatibility and stronger resistance to bacterial attachment [58,60]. The contact
angles of the MAO coatings and the corresponding results are shown in Figure 12. The
measured values ranged from approximately 50° to 80°, reflecting the influence of surface
morphology, such as the presence of micropores, microcracks, and molten regions. All
coatings displayed contact angles below 90°, confirming their hydrophilic nature. Notably,
the coatings produced under the S1500-3 and S1700-3 conditions exhibited contact angles
of 48.85° and 59.20°, respectively, which fall within the range of moderate hydrophilicity.

As a bone implant material designed for in vivo applications, the MAO coating must
not only present a hydrophilic surface but also possess effective antibacterial activity, both
of which are essential for clinical safety. Although thorough sterilization of implants before
surgery is necessary, postoperative inflammation and infection still remain difficult to
eliminate. Such biomaterial-associated infections are primarily attributed to the formation
of bacterial biocoatings on the implant surface [61,62], which can shield bacteria from
attacks by the immune system and antibiotics, leading to severe degradation of the implant.
Therefore, implants should possess intrinsic antibacterial capability to inhibit or prevent
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biocoating formation. In this study, the antibacterial performance of the coatings was

assessed using E. coli as the model bacterium.
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Figure 12. Wetting angle of MAO coatings on alloys processed by different FSP processes. (a) 1300-3
passes; (b) 1500-1 passes; (c) 1500-3 passes; (d) 1500-5 passes; (e) 1700-3 passes.

Figure 13 presents the bacterial colony morphologies observed after antibacterial test-
ing of the different MAO coatings. Since neither the substrate nor the coatings contained
antibacterial ions, the overall antibacterial rates remained in the range of 89%-92%. Among
the tested samples, the coatings produced on alloys processed under the S1500-3, S1500-5,
and 51700-3 conditions exhibited slightly higher antibacterial activity, likely due to the
presence of Ca—P compounds on the coating surface. These Ca—P phases have been reported
to provide mild bacteriostatic effects, which may contribute to the observed improvement
in antibacterial performance [63]. In particular, the coating prepared under the S1500-3
condition achieved an antibacterial rate of 91.7%, satisfying the criterion for short-term an-
tibacterial effectiveness (>90%). Overall, this coating demonstrated the most balanced and
superior combination of characteristics among all processing conditions, showing excellent
mechanical strength, corrosion resistance, hydrophilicity, and antibacterial performance.
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Figure 13. Antibacterial test of MAO coatings on alloys processed by different FSP processes.
(a) S1300-3 passes; (b) S1500-1 passes; (c) S1500-3 passes; (d) S1500-5 passes; (e) S1700-3 passes;
(f) control; (g) Antibacterial rate.

4. Conclusions

In this study, Mg/HA composite magnesium alloys fabricated under different FSP
conditions were employed as substrates for the preparation of MAO bio-coatings. The
coatings were systematically characterized in terms of their macroscopic morphology,
microstructure, phase composition, and elemental distribution. Their overall performance
was further evaluated by examining mechanical behavior, corrosion and wear resistance,
adhesion strength, and antibacterial activity. The main conclusions are summarized below:
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All MAOQ coatings fabricated on the magnesium alloy substrates exhibited dense and
uniform gray-white appearances. The surface microstructures were characterized by
porous “volcanic crater” features with pore diameters of approximately 2.6-12 pm,
containing two typical types of micropores, namely “pore-in-pore” and “repaired
blind pore” structures, together with a few fine microcracks. Cross-sectional examina-
tion demonstrates excellent metallurgical bonding at the coating—substrate interface,
with only a small number of blind pores and microcracks observed.

XRD analysis indicates that Caz(PO4),, CaCO3, Mg, Mg,SiO3, MgO, and CayP,07
are the main phases of the coating. MgO and Mg,SiO3 phases form a multiphase
composite structure in the MAO coating, enhancing the hardness and resistance
to plastic deformation of the surface material by impeding dislocation motion and
microcrack propagation. Elemental analysis showed that the coating formed under
the S1500-3 condition had the highest Rc,/p of 1.44. This indicates that the uniformly
dispersed HA particles in the substrate promoted the release of Ca?* and PO4>~ ions
during the MAO process. The enhanced ion transport increased the Ca/P ratio in the
coating, thereby improving its biological activity and promoting osteoblast adhesion
and growth on the surface.

Performance evaluation showed that all MAO coatings possessed comparable surface
roughness, with an average value of about 3.25 um. The coatings exhibited excellent
wear resistance and strong adhesion, with the highest adhesion strength reaching
14.485 N. In addition, all coatings demonstrated excellent corrosion resistance. Wet-
tability and antibacterial tests further confirmed their hydrophilic nature, and the
coatings produced under the S1500-3 and S1700-3 conditions exhibited moderate hy-
drophilicity, which is more conducive to cell adhesion and spreading during in vivo
implantation. The antibacterial rate of the coatings reached as high as 91.7%, satisfying
the short-term antibacterial criterion for biomedical implants.

Thus, the MAO coating formed on the substrate processed under the 51500-3 condition
showed the most balanced and optimal performance, combining excellent mechanical
integrity, corrosion resistance, hydrophilicity, and antibacterial activity. This study
provides theoretical support for the application of biomedical magnesium alloys
as in vivo implant materials and offers data backing for further advancing their
clinical translation.
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