
Heliyon 10 (2024) e37029

Available online 30 August 2024
2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article

A study on properties of electroless Ni-B/MgB2 coatings on AZ91
magnesium alloy

Ferhat Bülbül *, Tuğçenur Kılcı
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A B S T R A C T

This study explores MgB2 as a reinforcing agent in electroless deposition on AZ91 magnesium
alloy substrates, evaluating its impact on coating properties. X-ray diffraction (XRD) analysis
shows that the amorphous Ni-B coating masks initial magnesium peaks, while MgB2 enhances
MgB2O(OH)6, MgB2O5, MgO, and MgB2xOy oxide phases. SEM images illustrate morphological
shifts from cauliflower-like Ni-B structures to dendritic and fibrous MgB2 forms, with higher MgB2
concentrations leading to granular structures with randomly oriented crystallites resembling
platelets, indicating increased magnesium content. MgB2-reinforced Ni-B coatings exhibited
higher hardness than the substrate but lower than as-deposited Ni-B. Friction coefficients initially
decreased with Ni-B, increased significantly with 0.1 g MgB2, and decreased with higher re-
inforcements, remaining higher than substrate and as-deposited Ni-B. MgB2 reinforcement
increased surface roughness, causing local agglomerations in 0.5 g MgB2 coatings. Contact angle
measurements demonstrated enhanced hydrophilicity due to MgB2’s superhydrophilic properties
influenced by surface roughness. Antibacterial tests revealed superior properties with 0.1 g MgB2,
suggesting a transition to MgB2-enriched structures and influencing material properties. While Ni-
B/MgB2 coatings improved over substrate, further research is needed to optimize parameters and
understand stabilizer effects. These coatings also exhibited superhydrophilicity and promising
antibacterial properties, suggesting potential in advanced surface engineering applications.

1. Introduction

Magnesium and its alloys have garnered significant interest due to their exceptional properties [1,2]. Various methods have been
employed to enhance the surface characteristics of magnesium alloys. Anodizing stands out as a potential method for protecting
magnesium alloy surfaces. However, traditional methods like anodizing, though effective, often involve hazardous components such as
fluorides and chromates. In recent years, environmentally friendly alternatives such as electroless plating have gained popularity for
their cost-effectiveness and ability to provide superior hard coatings with excellent wear resistance and natural lubricity properties
compared to electroplated nickel and hard chrome [3,4]. Electroless plating is an autocatalytic process where metal ions in aqueous
solutions deposit onto a substrate without the need for an electric current, forming a thin metallic layer through oxidation-reduction
reactions [5–7]. Incorporating second-phase particles into nickel-based matrices to create composite coatings has been a promising
strategy to enhance corrosion and wear resistance [8,9]. These particles can include ceramic compounds such as SiO2 [10–14], SiC
[15–20], B4C [21–25], TaC [26], TiC [27], Si3N4 [28–31], Fe3O4 [32], ZnO [33], ZrO2 [34], TiO2 [14,35–39], Al2O3 [14,40–43], CeO2
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[44–46], and CuO [14], in either amorphous or crystalline forms within the nickel-based matrix, however, MgB₂ particles have not
been explored. The ceramic particles used in the studies cited above have provided benefits in terms of mechanical (hardness) and
tribological properties for electroless Ni-B coatings. Bülbül et al. [47,48] produced MgB₂ not as a reinforcement but as a direct coating
material in both spray pyrolysis and electroless deposition processes, achieving more durable and superhydrophilic MgB₂ surfaces on
metallic substrates. Furthermore, Vijayaragavan et al. [49] applied the electroless coating method to fabricate MgB₂ coatings, spe-
cifically not as a reinforcing component. Their objective was to enhance the superconducting characteristics of substate materials such
as silver, gold, and silicon with this ceramic structure (see Table 1).

The novelty of this study lies in the utilization of magnesium diboride (MgB2) as a reinforcing phase in electroless nickel-boron (Ni-
B) alloy coatings, aimed specifically at enhancing their mechanical and frictional properties. Although MgB2 is well-known for its
application in superconductor films and has been extensively studied in that context [50–53], its application as a strengthening agent
in Ni-B composite coatings for tribological applications represents a novel and previously unexplored area. MgB2 is a hard ionic
compound [48,54,55], suggesting its potential use as a strengthening phase in the production of hard composite coatings. This research
innovatively investigates the effects of MgB2 particle incorporation at different concentrations (0.1, 0.25, and 0.5 g) on the structural,
chemical, mechanical, tribological, wettability, and antibacterial properties of electroless Ni-B coatings deposited on AZ91 magnesium
alloy substrates. By advancing our understanding of MgB2’s role in composite coatings, this study aims to contribute to the field of
surface engineering, particularly in enhancing the performance and durability of coatings applied to magnesium alloys.

2. Experimental method

An AZ91 magnesium alloy containing approximately 9 % aluminum and 1 % zinc was the substrate material. By means of a lathe,
cylindrical bars with a diameter of 20mmwere cut with a thickness of 5 mm and prepared for coating. The successful completion of the
electroless coating depends on applying preliminary preparation processes to the substrate material before deposition. The adhesion of
the coating to the substrate surface depends significantly on the cleanliness of the surface. The AZ91 magnesium alloy materials
utilized in this investigation were initially rough-polished using 800 and 1200 grit sandpapers, followed by fine polishing with alumina
powder. The substrates were immersed in acetone in an ultrasonic cleaner device for 5 min to remove any remaining dust and oil
deposits. Following the mechanical polishing processes, pure water and prepared solutions were used for cleaning and activation
processes. The initial step was to cleanse the surface of the samples from the oil layer by immersing them in an alkaline solution
containing 50 g. L− 1 NaOH +10 g. L− 1 Na3PO4 at 60 ◦C for 6–10 min, followed by rinsing with pure water. Subsequently, they were
immersed in a solution containing 125 g. L− 1 CrO3+ 110mL. L− 1 HNO3 at room temperature for a duration of 4–6 s. After etching for a
while, they were rinsed with distilled water and then soaked in an HF acid solution at room temperature for 3–5 s. After activating the
sample surfaces, they were rinsed with alcohol and dried immediately with a hot fan.

The AZ91 magnesium alloy substrate materials were coated with two types of coatings: the Ni-B coating without MgB2 rein-
forcement (as-deposited) and the Ni-B/MgB2 composite coatings reinforced with MgB2 in three different quantities. The selection of
substances for the coating solutions and bath parameters was made based on considerations from the literature [56–64]. A 1-liter flask
was used to prepare the Ni-B solution, which was then divided equally into 4 separate 250 ml flasks. Each flask was stirred using a
magnetic stirrer with a stir bar for 30 min. Each of the solutions in the bottles was heated separately before the coating process,
thoroughly mixed to ensure homogeneity, and prepared for deposition.

The SHIMADZU HMV-G20 microhardness measuring device was utilized to determine the microhardness values of the samples.
Measurements were taken using the Vickers indenter tip with a 100 g load and a 10-s dwell time, acquiring measurements from five
distinct points. A pin-on-disc wear test was conducted on the coated samples using a Bruker-UMT tribometer tester. As the counterpart,
a 6 mm-diameter 316 austenitic stainless-steel ball was used. The samples underwent a dry sliding wear test with a sliding speed of 50
rpm and a constant load of 1 N. The means of friction coefficient values obtained from the pin-on-disc wear test represent the overall
trend of friction coefficients. Surface roughness values were measured using a 3D profilometer device branded as Bruker Contour GT.
The coated samples were analyzed using GNR-Explorer XRD device with a Cu-Kα (λ = 1.5405 A◦) radiation source. The diffraction
patterns were collected over an angular range of 10◦–100◦ and with a step size of 0.1◦ per second. The acquired data were analyzed by
comparing them to XRD spectra found in the literature and by using Match software. Using a Quanta-FEG 250 scanning electron
microscope (SEM), both the substrate and coated samples were morphologically analyzed. Additionally, the wear marks obtained from
the wear test were observed. The wettability of the samples was determined using an optical contact angle analyzer (KSV CAM-101). 6

Table 1
The composition of the coating solution and the conditions during the deposition process.

Bath conditions Amount (g. L− 1)

Nickel chloride (NiCl2) 10
Sodium hydroxide (NaOH) 90
Ethylene diamine (NH2-CH2-CH2-NH2) 90
Lead nitrate (Pb+2(PbNO3) 0.0145
Sodium borohydride (NaBH4) 1.2
Bath temperature 90 ◦C
pH 13
Amount of MgB2 reinforcing powder in 1000 mesh size 0.1, 0.25 and 0.5
Deposition time 60 min.
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μL of distilled water was dispensed onto the samples, and the contact angle of the droplets with the surface was measured using a
goniometer. The antimicrobial activity against Escherichia coli O157 (E. coli, gram-negative) was determined using the nutrient agar
disc diffusion method. Bacterial suspensions containing 108 CFU mL− 1 were transferred from bottles containing 25 mL of sterile
nutrient agar to 9 cm Petri dishes. They were then spread evenly across the surface using a sterile stick, ensuring complete coverage of
the Petri plate area. Thus, most of the bacteria were transferred to the culture medium that selectively supports the growth of an-
aerobes. The Petri dishes were incubated at 37 ◦C for 24 h, after which the zone diameters around the samples (inhibition zones) were
measured using an optical microscope to evaluate the test results.

3. Result and discussion

Fig. 1 presents the comparative XRD spectra of the substrate and coated samples. From the XRD spectra, it is evident that the AZ91
substrate exhibits characteristic pronounced peaks corresponding to magnesium (100), (002), and (110) planes, along with weak peaks
related to Al2Mg (222). It is observed that as a result of Ni-B coating, nearly all peaks from the substrate are screened, and Ni-B (110) at
2θ ~ 33.09◦, Ni-B (021) at 2θ ~ 39.01◦, weak Ni2B and Ni3B phases between 2θ ~ 40◦–50◦ is formed, as well as Ni-B (111) phase at 2θ
~ 45.46◦. It is possible to infer that the Ni-B film is amorphous based on the low intensities of the crystalline peaks. Thus, the coating,
which has not undergone heat treatment, indicated an incomplete crystallization process and contained a significant amount of Ni-B
interstitial solid solution. It is observed that lower-intensity magnesium peaks, such as 2θ ≈ 32◦ (110), 34.3◦ (002), 36.7◦ (101), and
57.6◦ (110), appear at angles and planes similar to those found in the substrate when MgB2 particles are added to the electroless Ni-B
coating solution in varying amounts. The intensity of these peaks slightly increases with the increase in MgB2 reinforcement. It is
observed that the MgB2 phase with the same crystal structure forms peaks at 2θ ~ 32◦ (110) and 2θ ~ 47.9◦ (002), indicating the Mg
phase reflected from the substrate. Although the 2θ ~ 32◦ (110) and 2θ ~ 47.9◦ (002) plane reflections of magnesium from the
substrate vanish with the as-deposited coating, it is notable that the intensity of these planes increases with higher amounts of
reinforcement. This situation may be attributed to the crystal structure compatibility between magnesium and MgB2. As reported in
studies by Prikhna et al. [65–67], the synthesis of pure MgB2 is practically impossible without oxygen. According to our observations,
we confirmed the formation of the following phases: a MgB2O(OH)6 borate phase at 2θ ~ 16.4◦, MgB2O5 at 2θ ~ 18.5◦, MgO at 2θ ~
44◦, and the (013) MgB2xOy oxide phases at 2θ ~ 63◦. It was observed that the intensity of these oxide and borate phases decreased as
the amount of reinforcement increased.

Fig. 2 shows the images of Ni-B coatings and AZ91 substrate. In Fig. 2a, it is evident that the etched AZ91 magnesium alloy used as
the substrate contains the α (Mg) and β (Mg17Al12) phases, which are similar to the images obtained in the literature [68,69]. Fig. 2b
illustrates a sample coated via electroless deposition with a thickness of 10 μm. The coatings exhibited a compact, dense, and uniform
structure. No gaps were observed between the coating and the substrate, indicating a successful diffusion process under the specified
conditions. This observation also attests to the robust bonding state achieved during the coating process, highlighting the effectiveness
of the metallurgical connection between the coating and the substrate. The Ni-B coating has a typical cauliflower-like morphology [3,
70,71] as shown in Fig. 2c. The obtained result is in line with the XRD analysis. Comparison of the XRD results indicates that the

Fig. 1. XRD spectrum pattern of Ni-MgB2 composite coatings at different MgB2 particles amount.
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cauliflower-like structure of Ni-B diminishes with increasing incorporation of MgB2. From Fig. 2d, it can be inferred that local spherical
particles, dendrite-like [72] and irregular fibrous structures are formed as a result of local nucleation, which takes place at the
cauliflower grain boundaries depending on the Mg, MgB2, MgB2O5, MgO, MgB2xOy, and MgB2O(OH)6 phases obtained that result from
a 0.1 g of MgB2 incorporation. The Mg, MgB2, MgB2O5, MgO, and MgB2xOy phases developed and intensified, leading to more
prominent intertwining and adhesion of MgB2 ribbon structures with the Ni-B matrix with 0.25 g of MgB2 reinforcement (Fig. 2e).

Fig. 2. SEM images of (a) substrate (b) typical cross-sectional interface (c) Ni-B coating (d) 0.1 g of MgB2 reinforced Ni-B coating (e) 0.25 g of MgB2
reinforced Ni-B coating (f) 0.5 g of MgB2 reinforced Ni-B coating surfaces.

Fig. 3. Randomly oriented MgB2 hexagonal sheets or platelets.
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Furthermore, with the incorporation of 0.5 g of MgB2, a granular structure with randomly oriented crystallites is observed to
completely cover the Ni-B cauliflower-like structures, indicating the intensified presence of magnesium-based phases (Fig. 2f). This
structure resembles to those observed in Refs. [73–76]and it is easier to understand this structure as platelet-like with a higher
magnification SEM image of 10000× (Fig. 3). These platelet structures are attributed to MgB2, as confirmed by XRD analyses. The
platelets exhibit hexagonal crystallographic symmetry within a tightly packed hexagonal structure [77]. At the same time, this sit-
uation results in the material exhibiting anisotropic properties depending on the preferential orientation of the grains [78–81]. As a
result, it can be concluded that the cauliflower-like Ni-B structure diminishes, and the level of precipitation of hexagonal MgB2 crystals
on the surface increases significantly, depending on the increase in the incorporation of MgB2 in the deposition process.

In Fig. 4, the microhardness values of the substrate and the coated samples are presented. The Ni-B coating on AZ91 substrate
material increased the hardness value, consistent with findings from previous studies [71,82,83]. The Ni-B deposition process
increased it to 600 Vickers, compared to the substrate’s hardness value of 80 Vickers. The hardness values of Ni-B/MgB2 composite
coatings produced with additions of 0.1 g, 0.25 g, and 0.5 g were 380 Vickers, 400 Vickers, and 490 Vickers, respectively. These
obtained values are comparable to the hardness value of the electroless MgB2 coating obtained on the AZ91 substrate before [48]. The
microhardness values of the composite coatings were observed to be five or six times higher than the substrate’s hardness, yet lower
than that of the as-deposited Ni-B coating. Typically, materials with smaller grain sizes, such as Ni-B nanocrystalline deposits, are
generally harder than materials with larger grain sizes. As the grain size decreases, the number of grain boundaries increases, which
impedes the movement of dislocations and leads to an increase in hardness [84].

The friction coefficient-time relations of the samples are depicted in Fig. 5. The prepared Ni-B coating decreased the friction co-
efficient from approximately 0.22 to 0.16 and became more stable compared to the substrate. Although the addition of MgB2 rein-
forcement caused the coefficient of friction to increase approximately threefold, the friction coefficients decreased with higher
amounts of reinforcement and exhibited greater stability when comparing MgB2-reinforced coatings among themselves. The elec-
troless MgB2 coating on the AZ91 substrate is noted to reduce the friction coefficient of the coating layer by 40 % in a study [48]. This
contrasting situation could be associated with the composite structure of the amorphous Ni-B matrix reinforced by MgB2. Barati and
Hadavi [85] attributed one reason for the increase in the friction coefficient to the uniform distribution of hard nanoparticles in the
nanocomposite coating, thereby filling the pores in the coating. They suggested that this situation increases the resistance to sliding,
and thereby causing an increase in the friction coefficient. The variations in average friction coefficient values observed for each of the
MgB2 reinforced composite coatings may be attributed to several factors. These include the dimensional, geometric, crystallographic,
and morphological properties of MgB2 particles, as well as their derivatives such as MgB2O(OH)6 and MgB2O5 hard particles. These
particles are involved in the Ni-B interstitial solid solution, influencing the degree of their distribution within the coating.

The synergistic effect of these features caused fluctuations in friction values, resulting in the formation of a band pattern. Band
formation in the coefficient of friction (COF) can occur due to various factors: adhesive interactions, surface roughness, wear debris
accumulation, and chemical reactions. MgB2 is a compound with a strong ionic bond between its atoms [86,87]. Additionally, MgB2
compounds such as MgB2O(OH)6 (pinnoite) and MgB2O5 (pentoxide) are covalently bonded hard compounds. In the stick-slip
mechanism [88–92] two surfaces dynamically interact causing fluctuating friction forces as they alternately adhere and slide
against each other, thereby resulting in banding. Brink et al. [93] have expanded on this scenario by linking it to surface roughness,
highlighting that both friction and wear volume increase with surface roughness. The graph in Fig. 7 demonstrates that the surface
roughness increases with the increase in MgB2 reinforcement. Thus, the abrasive wear resulting from the separation of MgB2-based
particles from the coating surface and their filling of the valleys created during sliding wear may be a cause of banding. They have also
suggested that the friction behavior may change due to the heating and melting of the third body composed of wear particles and
structures resulting from their agglomeration. Palaniappa and Seshadri [94] have also emphasized out that the MgB2O(OH)6 hard
particles and MgB2O5 oxide phases play a crucial role in increasing wear. Furthermore, the preferential orientation of the hexagonal

Fig. 4. Comparison of the microhardness values with error bars for samples.
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MgB2 crystals in the direction of shear during wear may be responsible for the transition to a more stable and lower friction behavior
brought about by the increase in MgB2 reinforcement, as shown in Fig. 5e. This idea is also supported by the wear trace shown in
Fig. 6e. SEM images of the samples after wear are given in Fig. 6. In the incorporated composite coatings, particularly those containing
0.25 g and 0.5 g of MgB2 particles, wear debris was observed along the wear scar with coating material transferred around the wear
track. This suggests the formation of a transfer film between the counterpart and the coating. The coating products dragged as a result
of wear were plastered by being carried to the wear edges as a result of ploughing wear rather than a fragmented dispersed structure.

The oxide film that commonly forms on stainless steel contact surfaces at low loads prevents metallic bonding between mating
materials, resulting in oxidative or mild wear characterized by a low wear rate. Kapoor and Johnson have observed that under low
contact loads, the response can be predominantly elastic or lead to elastic shakedown [95]. However, under high loads, this oxide film
breaks down, leading to severe wear characterized by rapid material loss and high wear-particle generation. Given the naturally
occurring chromium oxide layer on stainless steel surfaces, which exhibits a hardness ranging from 2000 to 3000 HV, it is evident that
this oxide is significantly harder than our produced coatings. Therefore, the probability of chromium oxide fracturing and causing
abrasive effects during sliding is very low, even in scenarios where wear may cause particles to detach from the pin surface. This is
because magnesium oxides within the worn coating on the opposing surface, along with chromium oxides, can create mechanically
mixed hard layers or tribolayers on the contact surface, thereby mitigating abrasive effects and reducing wear [96]. Additionally, wear
tests conducted at normal room temperature, low speeds, and loads ensure that high temperatures do not occur on worn component
surfaces and that there is no increase in oxide layer thickness. Hence, the possibility of the oxide layer fracturing and causing abrasive

Fig. 5. Friction coefficient-time relationships of samples.
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Fig. 6. SEM images of wear tracks: (a) substrate (b) Ni-B coating (c) 0.1 g of MgB2 reinforced Ni-B coating (d) 0.25 g of MgB2 reinforced Ni-B
coating (e) 0.5 g of MgB2 reinforced Ni-B coating.

Fig. 7. Average surface roughness values of samples.
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effects or fracture is minimal. As observed in Fig. 6a and d, the wear marks exhibit patterns indicative of ductile behavior. Conse-
quently, the particle-reinforced composite coatings demonstrate a more stable wear curve compared to Ni-B coatings, as the worn
samples show wear tracks extending to the edges without cracks and fractures that would indicate brittle failure within the wear track.

The average surface roughness values of the AZ91 magnesium alloy substrate, Ni-B coating, and MgB2 reinforced composite
coatings are depicted in Fig. 7 as a bar graph. The surface roughness value in the unreinforced coating is slightly higher due to the
characteristic microstructure of Ni-B. In MgB2 reinforced composite coatings, a significant increase in surface roughness value is
observed. The reason for this increase is attributed to hexagonal MgB2 particles entering the Ni-B matrix structure, where they serve as
nucleation centers for the formation of larger grains. Comparing the composite coatings among themselves, the increase in rein-
forcement leads to localized agglomeration, which directly results in an increase in surface roughness (Fig. 8). A typical SEM image
showing the localized agglomerations on the coating surface where the highest roughness value (Ra= 19 μm) is observed is provided in
Fig. 8c.

The contact angles measured on the samples were utilized to assess their wettability characteristics. Fig. 9 illustrates the dispersion
of water droplets on the samples, and the contact angles of the droplets with the surface are 98.28◦ (hydrophobic) for the substrate,
39.33◦ (hydrophilic) for Ni-B coating, and 32.40◦ (hydrophilic) for 0.1 g of MgB2 reinforced Ni-B coating, respectively. Additionally,
the Ni-B coating reinforced with 0.25 g of MgB2 has a contact angle of 4.04◦ (superhydrophilic), while the coating reinforced with 0.5 g
of MgB2 has a contact angle of 23.6◦ (hydrophilic). The measured contact angles indicate that any coating type applied to the hy-
drophobic substrate material can result in the surface becoming a hydrophilic structure. MgB2 reinforced coatings are more wettable
than Ni-B coatings. The adhesion of MgB2 and other derivatives with water, depending on their microstructural characteristics, and the
increasing surface roughness are the reasons why increasing the amount of reinforcement decreases the contact angle. Previous studies
in the literature corroborate that MgB2 exhibits super hydrophilic properties [47,48]. Additionally, Wenzel [97,98] have declared the
relationship between surface roughness and hydrophobicity.

The situation observed in the composite coatings produced in Fig. 10 is shown with the Wenzel model. In this manner, partial
changes in hydrophilic properties depending on the amount of MgB2 reinforcement are attributed to the factors such as the roughness
levels, distributions, shapes, and distance between the roughness of the coatings, as described by the Wenzel model. According to the
Wenzel model, when liquid molecules come into contact with a solid surface, they completely fill all the recesses, thereby increasing
the surface’s wettability as its roughness increases. Hydrophilic and superhydrophilic surfaces have the potential to be used in
wastewater treatment, reclamation of ground and surface water, separation of liquid mixtures, biomedical applications, and places
where self-cleaning, anti-fogging and corrosion resistance are required [99].

In Fig. 11, the antibacterial results of the substrate, as-deposited Ni-B coatings, and MgB2 reinforced coatings are presented. The
best antibacterial property among the coatings was obtained in the MgB2 particle-reinforced coating with 0.1 g. The inhibition halo
measurements show that MgB2 particle-reinforced composite coatings exhibit greater antibacterial properties compared to Ni-B
coatings. Consistent with the literature, it has been established that hydrophilic surfaces inhibit bacterial growth [100].

The medical field can profit from the use of a material imparted both hydrophilic and antibacterial qualities, particularly in
prostheses and vascular inserts, as it can prevent bacterial adhesion and infection on the surface [101]. Additionally, it has been

Fig. 8. Changes in surface structure and increasing surface roughness with increasing reinforcement amount (5000× magnification).
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demonstrated that superhydrophilic membranes designed for water remediation reduce cohesion-free energy and possess qualities that
inhibit biofilm formation and biopollution [99].

4. Conclusions

This study provided some insights into the structural, morphological, mechanical, tribological, antibacterial and contact angle
properties induced by the electroless Ni-B coating process added MgB2 particles on the AZ91 magnesium alloy substrate. The key
findings and conclusions drawn from this research are summarized as follows:

Structural and Morphological Changes: X-ray diffraction (XRD) analysis revealed that the amorphous Ni-B coating effectively masked
the magnesium peaks of the substrate, while MgB2 incorporation led to the formation of MgB2O(OH)6, MgB2O5, MgO, and MgB2xOy
oxide phases. Scanning electron microscopy (SEM) images showed that MgB2 reinforcement altered the coating morphology from
cauliflower-like Ni-B structures to dendritic and fibrous MgB2 forms, progressing to granular structures with platelet-like MgB2 crystals
at higher concentrations.

Hardness Properties: Ni-B/MgB2 coatings exhibited enhanced hardness compared to the substrate (80 HV), although lower than as-
deposited Ni-B (600 HV). Microhardness values of composite coatings increased with MgB2 reinforcement, indicating improved
mechanical strength. The microhardness value of the coating reinforced with MgB2 was 380 HV with 0.1 g of MgB2, and it reached up
to 490 HV with the addition of 0.5 g of MgB2, demonstrating a significant improvement in mechanical properties.

Friction Properties: Initially, friction coefficient decreased with as-deposited Ni-B coating, increased significantly (threefold) with
0.1 g MgB2, and then decreased and improved stability with higher reinforcement, although remaining higher than the as-deposited
Ni-B coating. This behavior suggests a behavior complex interplay between MgB2 particles, the Ni-B matrix, and counterpart affecting
frictional and wear resistance. SEM analysis of wear tracks indicated transfer films and ploughing wear mechanisms influenced by
MgB2 particles.

Surface Roughness and Wettability:MgB2 reinforcement increased surface roughness due to the formation of MgB2 crystals, leading
to localized agglomerations. This phenomenon significantly impacted wear characteristics, friction coefficients, and surface wetta-
bility. MgB2-reinforced coatings exhibited varying hydrophilicity, with superhydrophilic properties observed at higher MgB2 con-
centrations due to increased surface roughness and MgB2’s inherent properties.

Antibacterial Properties: MgB2-reinforced composite coatings, particularly with 0.1 g MgB2, demonstrated significantly improved
antibacterial activity compared to the as-deposited Ni-B coating. The enhancement in inhibiting bacterial growth, attributed to the
hydrophilic nature and structural features induced by MgB2 particles.

Applications and Future Directions: The study highlights the potential of Ni-B/MgB2 coatings for advanced surface engineering
applications, particularly in industries requiring enhanced mechanical strength, wear resistance, hydrophilicity, and antibacterial
properties (for example, biomedical and environmental applications). In conclusion, the study underscores MgB2 as a promising

Fig. 9. Contact angles: (a) steel substrate (b) Ni-B coating (c) 0.1 g of MgB2 reinforced Ni-B coating (d) 0.25 g of MgB2 reinforced Ni-B coating (e)
0.5 g of MgB2 reinforced Ni-B coating.

Fig. 10. Schematic representing of Wenzel model.
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reinforcing agent in electroless Ni-B coatings, offering improvements in mechanical strength, frictional behavior, surface wettability,
and antibacterial properties. Further optimization of MgB2 concentration and deposition parameters could enhance these coatings’
performance for advanced surface engineering applications on magnesium alloys.

The Ni-B/MgB2 composite coatings, despite exhibiting higher hardness than the steel substrate, did not surpass the as-deposited Ni-
B coating in terms of hardness and friction aspects. Non-optimal MgB2 reinforcement amounts, deposition conditions, particle size, and
phase incompatibility betweenMgB2 and Ni-B may have been responsible for this result. Therefore, this outcome indicates the need for
further research to identify ideal parameters. Furthermore, Stabilizers [46,102–110] are often used in nickel-boron coatings to manage
challenges such as metal powder accumulation and instability, despite the use of complexing agents in plating baths. We did not
explore the stabilizer’s effect in this study; further research is needed to assess their suitability for manufacturing Ni-B/MgB2 composite
coatings. Theoretical and experimental studies are currently underway to improve the properties of alloys and coatings through ap-
plications or manufacturing processes involving solid solution, composites, and layered structures [111–115].
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