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Abstract

Nickel–aluminum bronze (NAB) propellers can be severely damaged by the synergistic
action of chloride corrosion and solid–liquid erosion in marine environments. However,
the direct application of micro-arc oxidation (MAO) to NAB is fundamentally hindered
because NAB is a non-valve metal. Herein, this limitation is circumvented via a novel
hybrid strategy integrating friction stir welding (FSW) and MAO. A defect-free aluminum
transition layer is first fabricated onto NAB by FSW and thinned to ~30 µm for MAO. An
Al2O3-based composite ceramic coating is synthesized, exhibiting a duplex structure with
α/γ-Al2O3 and an amorphous Si-O network. The coating demonstrates a nano-hardness
of 16.2 ± 2.0 GPa and an elastic modulus of 251.3 ± 31.1 GPa, underpinned by a robust
interfacial tensile strength of 72.7 MPa. In 3.5 wt.% NaCl, the corrosion current density is
suppressed to 1.335 ± 0.151 × 10−7 A/cm2, while the charge transfer resistance reaches
3.072 × 105 Ω·cm2. Mass loss after 30-day immersion is reduced to ~1/11 of NAB, and
erosion loss at 400 rpm is ~1/8 of that of the substrate. Electrochemical results indicate that
the Al transition layer provides an initial beneficial contribution, while the MAO ceramic
coating further delivers the dominant barrier protection, together leading to the best overall
corrosion resistance of the hybrid-treated sample.

Keywords: nickel–aluminum bronze; micro-arc oxidation; friction stir welding; composite
ceramic coating; marine environment

1. Introduction
Nickel–aluminum bronze (NAB) is extensively employed in marine propellers and

underwater components due to its balanced mechanical strength, seawater corrosion
resistance, and cavitation erosion tolerance [1–3]. However, in aggressive coastal and
offshore environments, NAB surfaces are continuously subjected to chloride-induced
electrochemical corrosion coupled with solid–liquid two-phase erosion from suspended
sand and silt particles [4–6]. This synergy leads to selective phase corrosion, accelerated
mass loss, and premature failure, which significantly compromises the operational safety
and service life of marine propulsion systems [7,8]. Consequently, there exists a pressing
industrial demand for robust surface modification solutions that can mitigate such damage
without altering the desirable bulk properties of the substrate [9–11].

Despite the effectiveness of surface engineering techniques such as thermal spray-
ing [12–14], laser cladding [15–17], and physical vapor deposition [18–20] in enhancing
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wear and corrosion resistance, their application on NAB is often limited by interfacial bond-
ing weaknesses, thermal stress-induced cracking, or insufficient compatibility with the
copper-rich substrate [21]. In particular, micro-arc oxidation (MAO), an established method
for generating dense, well-adhered ceramic coatings on light alloys, has been fundamen-
tally restricted to non-valve metals like NAB [22,23]. The absence of a stable, spontaneously
formed passive oxide layer prevents the initiation of plasma discharge during conventional
MAO processes, making direct in situ ceramic growth unattainable [24–26]. Previous
attempts to deposit pre-coatings or employ alternative electrolytic systems have strug-
gled to achieve consistent, pore-free layers with strong metallurgical bonding [24,27–29],
highlighting a persistent technological gap for high-performance ceramic coatings on NAB.

To address this limitation, a novel two-step hybrid strategy is proposed, integrating
friction stir welding (FSW) pre-deposition followed by micro-arc oxidation (MAO). In
this approach, a defect-free, fine-grained Al transition layer is first fabricated onto the
NAB substrate via optimized FSW parameters, forming a continuous, thin intermetallic
compound (IMC) interface that ensures robust metallurgical bonding. Subsequently, the
aluminum-enriched surface is mechanically precision-thinned to a uniform thickness of
approximately 30 µm to standardize the initial state for electrochemical treatment. This
prepared surface is then subjected to a controlled MAO process in a composite electrolyte
system, where plasma discharge reactions are successfully initiated, enabling the in situ
synthesis of an Al2O3-based composite ceramic layer. This study focuses on characterizing
the microstructure, mechanical properties, and marine environmental performance of this
composite coating, specifically evaluating its resistance to static chloride corrosion and
dynamic solid–liquid erosion to validate its potential for marine propeller applications.

2. Materials and Methods
2.1. Materials and Technical Routes

A cast NAB alloy with a nominal composition of Cu-9.33Al-4.55Fe-4.51Ni-1.33Mn
(wt.%) (Shanghai Kaixin Metal Materials Co., Ltd., Shanghai, China)was used as the
substrate. A commercial pure aluminum plate (AA1060, Shenzhen Yuanlvxing Metal
Co., Ltd., Shenzhen, Cihina) with a thickness of approximately 5 mm was employed as
the consumable material for the deposition layer. Both materials were sectioned into
rectangular blanks and subjected to standard degreasing and abrasive cleaning before
processing to ensure a contaminant-free surface.

The fabrication route for the composite ceramic coating is schematically illustrated
in Figure 1. The FSW was first utilized to achieve Al deposition. A cylindrical cemented
carbide tool was employed, which comprised a concave shoulder with a diameter of
28 mm and a concentric pin with a length of 9.6 mm. Before the final fabrication of the Al
transition layer used for subsequent MAO treatment, the FSW travel velocity was optimized
with a rotation velocity of 600 rpm. Travel velocities of 100, 200, and 300 mm/min were
compared with the morphology and interface of the transition layer. During the FSW
process, the aluminum alloy was thermo-plasticized and metallurgically bonded onto
the NAB substrate, forming a continuous, defect-free transition layer. Subsequently, the
deposited aluminum surface was mechanically milled and precision-polished to achieve
a uniform and standardized thickness of approximately 30 µm. This step was critical
for eliminating macro-scale irregularities and providing a consistent aluminum-enriched
surface for the subsequent electrochemical treatment. Finally, the prepared specimen was
subjected to the MAO process. The MAO process was conducted in an electrolytic bath
containing a compound electrolyte solution of 15 g/L Na2SiO3 + 5 g/L NaOH + 3 g/L NaF
+ 3 g/L NaAlO2. A pulsed DC power supply was utilized, with the specimen connected
as the anode and a stainless-steel plate serving as the cathode. The pulse frequency and
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duty cycle were set at 1000 Hz and 40%, respectively. In the present work, only a positive
pulse was applied: the positive pulse occupied 40% of the cycle, while the remaining
60% corresponded to a zero-current interval, i.e., no negative pulse was used. Before
MAO treatment, the electrolyte was stirred for 5 h to ensure complete dissolution and
homogenization. During MAO, a recirculating cooling system was used to maintain
the electrolyte temperature at 30 ± 5 ◦C. The process was performed under a constant-
voltage mode of 400 V. Under this route, the oxidation time was 1500 s (25 min). The
actually exposed specimen area during MAO was 10 mm × 10 mm. After MAO treatment,
all samples were ultrasonically cleaned in deionized water for 5 min to remove residual
electrolyte and loose surface products, dried with compressed air, and stored for subsequent
characterization.

Figure 1. Schematic of the hybrid FSW-MAO process.

2.2. Microstructural and Mechanical Characterization

The surface and cross-sectional morphologies were examined using a scanning electron
microscope (SEM, JEOL JSM-7001F, JEOL Ltd., Tokyo 196-8558, Japan). Cross-sectional
specimens were cold-mounted in epoxy resin, ground with SiC abrasive papers up to
2500 grit, and polished with diamond suspensions down to 0.05 µm. Backscattered electron
(BSE) imaging was performed at an acceleration voltage of 20 kV to reveal interfacial
contrasts. Elemental distribution across the Al/NAB interface was analyzed using energy-
dispersive X-ray spectroscopy (EDS, Oxford Instruments AZtec X-Max 80) in both mapping
and line-scan modes, using the AZtec software suite (version 4.4). Electron backscatter
diffraction (EBSD) analysis was conducted on the aluminum transition layer using a
NordlysNano detector. Data were collected with the specimen tilted at 70◦ and a step size
of 0.06 µm. Inverse pole figure (IPF), kernel average misorientation (KAM), and grain
orientation spread (GOS) maps were generated using Channel 5 software to evaluate grain
size, recrystallization degree, and local strain. The phase composition of the MAO coating
and corrosion products was determined by X-ray diffraction (XRD, Bruker D8 Advance,
Bruker Corporation, Billerica, MA, USA) with Cu-Kα radiation (λ = 0.15406 nm) operating
at 40 kV and 150 mA, scanned over a 2θ range of 20–90◦. The surface chemical bonding
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states were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB
Xi+, Thermo Fisher Scientific Inc., Waltham, MA, USA) with a monochromatic Al-Kα

source. Charge correction was applied by referencing the C 1s peak to 284.8 eV, and high-
resolution spectra for Al 2p, O 1s, and Si 2p were deconvoluted using Gaussian–Lorentzian
functions. The hardness and elastic modulus of the coating and substrate were measured
by nanoindentation (Agilent G200, Agilent Technologies Inc., Santa Clara, CA, USA) using
a Berkovich diamond indenter (Guangzhou Zhicheng Technology Co., Ltd., Guangzhou,
China). Tests were performed in the continuous stiffness measurement (CSM) mode with a
maximum load of 50 mN, a strain rate of 0.05 s−1, and a Poisson’s ratio of 0.25 assumed
for the calculation. The reported hardness and modulus values are averaged over five
measurements (n = 5). Data were processed according to the Oliver–Pharr method, and
measurements with penetration depths less than 10 nm were excluded to eliminate the
influence of surface roughness [30]. The interfacial tensile strength of the FSW-bonded
Al/NAB joint was evaluated via micro-tensile testing. Miniaturized flat bone specimens
with a gauge length of 24 mm and a width of 4 mm were machined perpendicularly across
the interface. Uniaxial tension was applied at a constant crosshead speed of 0.001 mm/s
until fracture, and SEM subsequently examined the fracture surfaces.

2.3. Application-Oriented Evaluation Methods

Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization tests
were conducted in a conventional three-electrode electrochemical cell containing a 3.5 wt.%
NaCl aqueous solution at room temperature. A platinum plate was employed as the
counter electrode, a saturated calomel electrode (SCE) served as the reference electrode,
and the working electrode was the specimen with an exposed area of 1 cm2. Before each
measurement, the open circuit potential (OCP) was monitored until stabilization. EIS
measurements were performed over a frequency range of 10−2 to 105 Hz with a sinusoidal
perturbation amplitude of 10 mV. Potentiodynamic polarization curves were subsequently
recorded by scanning the potential from −0.2 V to +0.2 V versus the stabilized OCP at a
sweep rate of 1 mV/s. The corrosion current density (Icorr) and charge transfer resistance
(Rct) were derived from the polarization curves and Nyquist plots, respectively. The long-
term corrosion behavior was assessed via static immersion in 3.5 wt.% NaCl solution.
Specimens were fully immersed in the electrolyte maintained at 50 ± 2 ◦C for a duration
of 30 days, in accordance with standard practices for copper alloys [31]. The solution
was refreshed every 168 h to minimize the depletion of corrosive species. Following the
exposure period, the specimens were removed, ultrasonically cleaned in deionized water
to remove loose corrosion products, and thoroughly dried. The mass loss of each specimen
was precisely measured using an analytical balance with a resolution of 0.01 mg. Post-
exposure surface morphologies and the composition of corrosion products were examined
using SEM and XRD. The erosion resistance was evaluated using a rotating disk apparatus
designed for slurry impingement, as shown in Figure 2. The erosion medium consisted of
a 3.5 wt.% NaCl solution containing 1 wt.% angular SiO2 sand particles (average particle
size ~300 µm, Mohs hardness ~7). The slurry was maintained at room temperature and
continuously agitated to prevent particle sedimentation. Specimens were mounted on
the disk at a fixed impact angle of 45◦ and subjected to rotational speeds of 100, 200,
and 400 r/min for 6 days. Upon completion of each test, specimens were cleaned, dried,
and weighed to determine the cumulative mass loss. The erosion rates were calculated,
and the damaged surfaces were characterized by SEM to identify the prevailing material
removal mechanisms.
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Figure 2. Erosion test: (a) MF-20 erosion testing machine, (b) silica sand.

3. Results
3.1. Characterization of Composite Coating and Interface

To clarify the FSW optimization procedure, the travel velocity was screened while
the rotation velocity was kept constant at 600 rpm. Three travel velocities (100, 200, and
300 mm/min) were compared to determine the most suitable condition for fabricating
the Al transition layer before MAO. The optimization procedure is shown in Figure 3. At
100 mm/min, particles of the NAB substrate in the upper Al layer were observed, indicating
that the stirring action was excessive. During the subsequent MAO process, the Cu-rich
regions in the entrained layer could interfere with stable and uniform oxidation, thereby
increasing the cracking tendency of the coating. In contrast, the specimen fabricated at
300 mm/min exhibited visible cracks in the deposited layer. Among the tested conditions,
the specimen processed at 200 mm/min showed the most favorable morphology, with a
relatively uniform and intact Al transition layer, while avoiding both the severe NAB over-
entrainment observed at 100 mm/min and the cracking found at 300 mm/min. Therefore,
200 mm/min was selected as the optimized travel velocity for preparing the Al transition
layer used in all subsequent MAO and performance evaluations.

Further details of the interfacial microstructure are provided in Figure 4. The BSE
image in Figure 4a reveals the interfacial microstructure, wherein a continuous interfacial
transition layer with distinct contrast is distinguished between the deposited aluminum
and the NAB substrate. The thickness of this IMC layer is approximately 1.2 µm. The
corresponding elemental distributions are revealed by EDS mapping in Figure 4b,c. A
sharp yet continuous interfacial boundary is discerned in both maps, confirming atomic
interdiffusion. The line-scan profile across this interface is shown in Figure 4d. The width
of the diffusion zone was approximately 6 µm. Simultaneously, signals of Fe, Ni, and Mn
originating from the NAB are detected within this zone, indicating that the micro-alloy
elements were solid-solved in the IMC layer. During FSW, the pin induces severe plastic
deformation and high strain rates at the interface [32,33], which generates a high density of
crystal defects (e.g., dislocations and vacancies) [34,35]. These defects provide short-circuit
diffusion paths for atomic interdiffusion, thereby promoting metallurgical bonding and
facilitating the formation of an IMC layer at the interface [36,37]. This metallurgically
bonded interface is fundamental for providing the requisite aluminum deposition, thereby
enabling the subsequent MAO process on the non-valve NAB substrate.
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Figure 3. Al transition layer fabricated on NAB at different parameters: (a–c) formations; (d–f) SEM
images of the cross-sections.

Figure 4. Cross-sectional characterization of the interface: (a) BSE image of the interface, (b) EDS
map of Al, (c) EDS map of Cu, and (d) EDS line-scan profiles across the interface.
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The EBSD analysis of the aluminum transition layer fabricated at a travel velocity
of 200 mm/min is presented in Figure 5. The IPF map shown in Figure 5a presents an
equiaxed grain microstructure, indicating complete dynamic recrystallization induced
by the thermo-mechanical coupling action of FSW. A relatively low magnitude of local
misorientation is generally maintained, suggesting that the residual strain stored within
the refined grains is limited, as shown in Figure 5b. The GOS map in Figure 5c is utilized to
quantify the recrystallization fraction; here, recrystallized, sub-structured, and deformed
regions are statistically distinguished, with a high proportion of the area being occupied by
recrystallized grains. The grain boundary was composed of high-angle grain boundaries, as
shown in Figure 5d, which is supported by the grain boundary misorientation distribution
plotted in Figure 5e. Finally, the grain size distribution is quantified in Figure 5f, from
which an average grain size of approximately 4.71 ± 1.31 µm is derived. This refined,
recrystallized grain structure, characterized by a high density of high-angle boundaries, is
fundamental for ensuring a uniform and electrochemically active surface [38,39], thereby
promoting the formation of a consistent and adherent Al2O3-based composite ceramic layer
during the subsequent MAO process.

 

Figure 5. EBSD analysis results: (a) IPF map, (b) KAM map, (c) GOS map, (d) grain boundary map,
(e) grain boundary distribution, and (f) grain size distribution.

Following the FSW process, the aluminum-clad specimen was mechanically precision-
thinned to standardize the surface condition and subsequently subjected to MAO, with the
resultant composite ceramic coating as shown in Figure 6a. The cross-sectional SEM image
in Figure 6b reveals the typical bilayer structure of the MAO coating, comprising a porous
outer region and a dense inner layer adjacent to the substrate; the total coating thickness is
approximately 30 µm. Some micro-pores are uniformly distributed at the coating surface
with a porosity of approximately 4%, as shown in Figure 6c. The XRD pattern is dominated
by the characteristic peaks of α-Al2O3 and γ-Al2O3, indicating that the coating is primarily
composed of crystalline alumina phases, as shown in Figure 6d. This composite structure,
featuring a porous top layer and a dense inner barrier, is regarded as essential for enhancing
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adhesion [40], while the dense layer beneath serves as the primary barrier against corrosive
media. The in situ formation of the composite ceramic coating proves the efficacy of the
hybrid FSW-MAO strategy in synthesizing a robust protective coating on the otherwise
non-valve NAB substrate.

 

Figure 6. Macro-morphology, microstructure, and phase composition of the composite ceramic
coating via the FSW-MAO hybrid process: (a) macro-morphology, (b) cross-sectional microstructure,
(c) surface microstructure, and (d) XRD result.

Figure 7 presents the XPS analysis conducted to determine the surface chemical
composition and bonding states of the composite ceramic coating. The characteristic
photoelectron peaks corresponding to O 1s, C 1s, Al 2p, and Si 2p are distinctly detected,
confirming the primary elemental constituents of the coating, as shown in Figure 7a. The O
1s spectrum is deconvoluted to reveal the presence of multiple chemical states associated
with metal-oxygen bonds and hydroxyl groups, as shown in Figure 7b. The Si 2p spectrum
is fitted, with a dominant peak centered at a binding energy of approximately 103.5 eV,
as shown in Figure 7c. This peak is assigned to Si-O bonds within an amorphous silicate
network, providing direct evidence for the incorporation of silicon species into the alumina
matrix during the MAO process. Furthermore, the Al 2p spectrum shows that aluminum
exists predominantly in its oxidized state, consistent with the formation of Al2O3, as shown
in Figure 7d. The amorphous Si-O network was considered to be embedded within the
crystalline alumina framework, which substantiates the “composite” nature of the ceramic
layer. This unique chemical structure likely enhances the coating’s stability and corrosion
resistance by forming a continuous, glass-like phase that fills defects and modifies the
electrochemical activity at the coating/electrolyte interface.
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Figure 7. XPS results of the MAO composite ceramic layer: (a) survey scan, (b) O 1s spectrum,
(c) Si 2p spectrum, (d) Al 2p spectrum.

3.2. Interface Combination and Mechanical Properties

Figure 8 shows the micro-tensile test results evaluating the interfacial bonding strength
of the deposited aluminum layer. The tensile force versus displacement curves are pre-
sented in Figure 8a, with a photo of the fractured specimen. The tensile strength of the
specimen reached 72.7 MPa and fractured at the interface. The micromorphology of the
fracture is displayed in Figure 8b. A dimpled rupture pattern is observed, and no signs of
brittle cleavage or interfacial decohesion are detected. This ductile fracture mode, combined
with the measured tensile strength of 72.7 MPa, confirms that a sound metallurgical bond
with good mechanical integrity has been achieved at the Al/NAB interface. The formation
of this defect-free, sound-bonded transition layer ensures interfacial stability and provides
a robust substrate for the subsequent growth of the MAO ceramic coating.

 

Figure 8. Interfacial bonding strength: (a) tensile force-displacement curve, (b) fracture morphology.
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Figure 9 presents the mechanical properties of the composite ceramic coating as evalu-
ated by nanoindentation. The elastic modulus and hardness of both the MAO coating and
the NAB substrate are compared in Figure 9a. The coating elastic modulus is measured to
be 251.3 ± 31.1 GPa, which is more than twice that of the substrate (122.3 ± 12.8 GPa) and
the aluminum (~70 GPa [41]). The coating nanohardness reaches 16.2 ± 2.0 GPa, which
is approximately 9.8 times that of the substrate (1.7 ± 0.2 GPa). The load–displacement
curves obtained from the nanoindentation tests are shown in Figure 9b. The maximum
indentation displacement of the MAO-coated sample at the peak load of 50 mN was about
500 nm. Considering that the thickness of the MAO ceramic coating was approximately
30 µm, the corresponding indentation depth-to-coating thickness ratio was only about
1.67%. Since this value is very small relative to the coating thickness, the substrate influence
on the nanoindentation response is limited. Therefore, the hardness and elastic modulus
predominantly represent the MAO ceramic layer. The nanoindentation load–displacement
curves (Figure 8b) show that the MAO coating (red curve) exhibits a much smaller maxi-
mum depth under the same load compared to the NAB substrate (blue curve), indicating
its superior resistance to plastic deformation. The coating also displays greater elastic
recovery upon unloading, indicating enhanced elasticity. This significant improvement in
both hardness and elastic modulus originates from the crystalline Al2O3-based composite
layer. This layer fundamentally alters the near-surface mechanical response, providing the
essential load-bearing capacity needed for erosion protection in marine environments.

 

Figure 9. Comparison of mechanical properties between the MAO and NAB: (a) modulus and
hardness, (b) load–displacement curves.

3.3. Static Corrosion and Dynamic Erosion Behavior

Figure 10 presents the EIS and potentiodynamic polarization results for evaluating
the corrosion resistance of the composite coating in a 3.5 wt.% NaCl solution. The Nyquist
plot is characterized by two distinct capacitive loops, which are typically associated with
the porous outer layer and the dense inner barrier layer of the MAO coating, as shown
in Figure 10a. The corresponding Bode magnitude plot (Figure 10b) represents a high
impedance modulus at low frequencies. The Bode phase angle plot (Figure 10c) displays
two time constants, further confirming the duplex-layer structure of the coating. To further
distinguish the respective roles of the Al transition layer and the MAO ceramic layer in
corrosion protection, the intermediate NAB-Al control state was additionally introduced
into the polarization analysis, with the FSW-deposited/thinned Al layer but without subse-
quent MAO treatment. As shown in Figure 10d and Table 1, the corrosion current density of
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bare NAB is 1.174 ± 0.128 × 10−5 A·cm−2, whereas that of the NAB-Al sample decreases to
4.498 ± 0.362 × 10−6 A·cm−2, indicating that the Al transition layer already contributes to a
certain reduction in the corrosion rate. The FSW-fabricated Al-rich surface is not only a pre-
requisite layer for subsequent MAO treatment, but also provides an initial electrochemical
protection effect. The corrosion potential of NAB-Al (−0.762 ± 0.069 V) is more negative
than that of bare NAB (−0.230 ± 0.011 V), indicating that the Al-containing transition layer
is electrochemically more active. However, despite this more negative corrosion potential,
the lower corrosion current density of NAB-Al still demonstrates that the actual corrosion
kinetics are alleviated compared with bare NAB. This means that the introduction of the
continuous Al transition layer does not make the surface thermodynamically nobler, but
rather kinetically suppresses the corrosion process. After MAO treatment, the corrosion cur-
rent density further decreases dramatically to 1.335 ± 0.151 × 10−7 A·cm−2, much lower
than that of both bare NAB and NAB-Al. Therefore, the final enhancement in corrosion
resistance cannot be simply attributed to a single processing step alone. A more reasonable
interpretation is that the FSW-induced Al transition layer provides an initial beneficial
contribution and enables MAO treatment on the non-valve NAB substrate, whereas the
subsequently formed MAO ceramic coating, especially its dense inner barrier layer, is
mainly responsible for the further substantial improvement in overall corrosion resistance.

Figure 10. Electrochemical spectra of NAB and MAO composite ceramic coating: (a) Nyquist plot,
(b) Bode modulus plot, (c) Bode phase angle plot, (d) polarization curve.

Table 1. Fitting results of polarization curves.

Sample Ecorr (V) Icorr (A·cm−2)

MAO −0.355 ± 0.018 1.335 ± 0.151 × 10−7

NAB −0.230 ± 0.011 1.174 ± 0.128 × 10−5

NAB-Al −0.762 ± 0.069 4.498 ± 0.362 × 10−6

Figure 11 presents the comparative results of the 30-day static immersion test in
3.5 wt.% NaCl solution, evaluating the long-term corrosion protection performance of the
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composite coating. The macro-morphologies of the samples before and after immersion are
displayed in Figure 11a. Formation of green and reddish-brown products is observed on the
bare NAB substrate, and the MAO sample maintains a relatively intact and clean surface.
The cracked corrosion product layer, along with underlying corrosion pits, was observed at
the surface of the corroded NAB substrate, as shown in Figure 11b. The corrosion products
are identified by XRD in Figure 11c, with the main constituents of Cu2Cl(OH)3 (atacamite)
and Cu2O (cuprite), which are typical corrosion products of copper alloys in chloride-
containing environments [42]. The mass loss data is shown in Figure 11d. After 30 days of
immersion, a mass loss of merely 1.01 mg is recorded for the MAO specimen, which is only
about 1/11 of that of the NAB substrate (11.23 mg). Only sparse, shallow micro-pits, with no
signs of spallation or severe attack, were observed on the MAO specimen surface, as shown
in Figure 11e. The diffraction peaks remain consistent with those of α-Al2O3 and γ-Al2O3,
and no peaks corresponding to copper-based corrosion products are detected as shown
in Figure 11f, indicating that the dense inner layer of the composite coating successfully
acts as an effective barrier, preventing the electrolyte from reaching the underlying NAB
substrate and thereby fundamentally inhibiting the galvanic corrosion process.

 

Figure 11. Analysis of corrosion behavior after 30-day immersion in 3.5 wt.% NaCl solution: (a) sur-
face macro-morphologies, (b) SEM image of the NAB, (c) XRD pattern of the corrosion products on
NAB, (d) weight loss, (e) SEM image of the MAO, and (f) XRD pattern of the corrosion products
on MAO.

The surface damage and cumulative mass loss of the bare NAB substrate and the
MAO-coated sample after solid–liquid slurry erosion at different rotational velocities
were compared in Figure 12. At 100 rpm, the NAB surface shows plastic deformation,
embedded particles, and ploughing grooves, indicating material removal by micro-cutting,
as shown in Figure 12a. In contrast, the MAO coating maintains its porous structure
with only slight wear. At 200 rpm, damage on NAB intensifies with enlarged pits and
flaking, while the MAO coating exhibits blunted pores and initial micro-cracks. At 400 rpm,
the NAB surface suffers severe material removal and plastic flow. The MAO coating
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develops a network of micro-cracks and localized pore collapse, yet its overall damage
remains much less severe than that of the substrate. The quantitative erosion resistance
is summarized in Figure 12b. The mass loss of the NAB substrate reaches 31.29 mg at
400 rpm, which is approximately 7.8 times higher than that of the MAO coating (4.07 mg).
Even considering the density difference, the volumetric loss of the substrate is still more
than three times greater. The significantly reduced mass loss, together with the distinctly
less damaged surface morphology, conclusively demonstrates the exceptional erosion
protection provided by the in situ grown Al2O3-based composite coating. The dense inner
layer acts as a barrier, while the porous outer layer helps to dissipate impact energy. This
synergistic effect critically enhances the erosion–corrosion resistance, which is vital for
marine propeller applications.

Figure 12. Erosion characteristics of the NAB and the MAO coating under solid–liquid slurry
impingement at different rotational velocities: (a) surface morphologies, and (b) mass loss.

Table 2 provides a direct, quantitative comparison of corrosion resistance between
the present MAO + FSW strategy and other surface engineering techniques for bronze
alloys. Conventional thermal spray coatings (e.g., HVOF) often exhibit compromised
long-term barrier performance [43]. In contrast, advanced methods like laser cladding and
cathodic arc deposition significantly improve protection, reducing corrosion current density
(Icorr) by an order of magnitude or to levels as low as 0.14 µA/cm2, respectively [44,45].
Against this background, the present FSW-MAO route should be understood not simply as
another coating process, but as a hybrid strategy that combines a metallurgically bonded
Al transition layer with an in situ formed Al2O3-dominated ceramic barrier. In the present
work, this strategy yields a nanohardness of 16.2 ± 2.0 GPa, suppresses the corrosion
current density by two orders of magnitude, reduces the 30-day immersion mass loss to
about 1/11 of the substrate, lowers the erosion mass loss at 400 rpm to about 1/8 of NAB,
and doubles the critical failure velocity from 200 rpm to 400 rpm. Therefore, its main
advantage lies in simultaneously providing interface reliability, ceramic-scale hardening,
strong electrochemical barrier protection, and enhanced erosion–corrosion resistance.

Table 2. Quantitative comparison of various surface engineering techniques.

Process Key Metric Performance

HVOF-sprayed NAB coating [43] Long-term immersion
(in 3.5% NaCl) Poorer corrosion resistance than NAB

Laser cladding [44] Corrosion current density (Icorr) Reduced by 57.14% of the NAB substrate
Cathodic arc deposition [45] Corrosion current density (Icorr) 0.14 µA/cm2 (2.5 µA/cm2 for NAB)

MAO + FSW
(this work)

Corrosion current density (Icorr) Decreased by two orders of magnitude
Long-term immersion

(in 3.5% NaCl) Reduced to ~1/11 of the NAB substrate
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4. Conclusions
This work develops a hybrid surface engineering strategy to enable MAO conducted

on non-valve NAB, aiming to improve its marine erosion–corrosion resistance. The strategy
involves the sequential application of FSW to fabricate an aluminum transition layer,
followed by MAO treatment. The main conclusions are summarized below:

1. A metallurgically bonded, defect-free aluminum transition layer was fabricated on
the NAB substrate via FSW. By mechanically thinning this layer to a uniform thick-
ness, a standardized aluminum surface was established, which effectively enabled
stable plasma discharge during the subsequent MAO treatment. This methodology
successfully overcame the limitations associated with the non-valve NAB, permitting
the in situ growth of a robust ceramic coating.

2. FSW resulted in a metallurgically bonded interface with a continuous intermetallic
layer (~1.2 µm) and an interdiffusion zone (~6 µm), along with a refined aluminum
transition layer (~4.71 µm grains). Subsequent MAO on this layer led to the formation
of a ~30 µm thick composite Al2O3 coating, which exhibited a characteristic duplex
structure comprising a porous outer region and a dense inner barrier. The composite
coating was composed of the coexistence of crystalline α-/γ-Al2O3 phases and an
incorporated amorphous Si-O network.

3. The composite coating showed significantly improved surface mechanical properties,
with a nanohardness of 16.2 ± 2.0 GPa and an elastic modulus of 251.3 ± 31.1 GPa. The
interfacial bonding, assessed by micro-tensile testing, yielded a strength of 72.7 MPa,
and fractography indicated a ductile failure mode. This robust mechanical profile
contributes to the load-bearing capacity required in erosive environments.

4. Superior protective functionality was demonstrated in 3.5 wt.% NaCl solution. The
charge transfer resistance (Rct) was elevated to 3.072 × 105 Ω·cm2, while the corrosion
current density (Icorr) was suppressed to 1.335 ± 0.151 × 10−7 A/cm2, two orders of
magnitude lower than that of bare NAB. After 30 days of static immersion, a mass
loss of merely 1.01 mg was recorded for the coated specimen, approximately 1/11 of
the substrate loss. Under solid–liquid slurry erosion, the coating mass loss at 400 rpm
was reduced to about 1/8 of the uncoated material. The dense inner layer acts as an
effective barrier against chloride penetration, while the composite structure attenuates
impact energy. This synergy results in exceptional erosion–corrosion resistance.
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