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ABSTRACT

Magnesium alloys have recently been used in marine applications due to an attractive combination of low density
and high strength/weight/ratio. However, the corrosion resistance of magnesium alloys should be improved
for practical applications. In this study, BN-TiO, multilayer films were deposited with different numbers of
bilayers (2 and 4) on AZ91 magnesium alloys to enhance the corrosion resistance of magnesium alloys in marine
environments. The microstructure and wettability properties of uncoated and multilayer film-coated alloys were
comparatively investigated via XRD, SEM, AFM, and contact angle measurement systems. The corrosion
performance of uncoated and coated samples has also been evaluated using electrochemical polarization and
impedance measurements in artificial seawater. The corrosion performance values of multilayer film-coated
alloys were better than the uncoated alloy values. Corrosion resistance and hydrophobicity of coated samples
also increased with the number of bilayers owing to the smaller grain size, increased layered interfaces, and high
structural density.
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1. INTRODUCTION

Magnesium alloys, known for their exceptional properties, such as low density and high specific strength,
have been extensively utilized in the aerospace, automotive, and 3C industries. However, the application and
development of magnesium alloys are constrained due to their inadequate corrosion resistance, particularly in
aggressive corrosive environments [1, 2]. To expedite the assessment of the corrosion resistance of magnesium
alloys, numerous studies have been conducted to simulate their corrosion behavior, including immersion tests
and salt spray experiments [3, 4]. However, the corrosion behavior of Mg alloys in actual service atmospheric
environments is inconsistent with that in the accelerated simulated corrosion tests mentioned above [5, 6]. It
is well known that Mg alloys are mainly exposed to atmospheric environments during practical application. In
recent years, many studies have been conducted on the corrosion behavior of magnesium alloys in marine and
industrial environments [7, 8]. In addition, this alloy’s poor corrosion resistance can severely limit its applications
in the marine field, where chloride concentrations are much higher than those in a 3.5 wt percent NaCl solution
[9, 10]. To ensure long-term serviceability, magnesium alloys must have good corrosion resistance. Therefore,
coating techniques like chemical vapor deposition, plasma spray deposition, anodic oxidation, physical vapor
deposition, and ion implantation are attracting increasing attention regarding solutions [11, 12].

Protective ceramic films formed by physical vapor deposition, a well-known coating technique, are
widely used to improve properties such as hardness and wear resistance of alloys and reduce friction. Multilayer
films, for instance, have advantages over conventional films when it comes to enhancing characteristics like
corrosion resistance, hardness, modulus, and elastic modulus. Regarding corrosion prevention, the multilayer
ceramic film keeps harmful substances from the metal surface while preventing pores, cracks, and other defects
caused by the material structure [13, 14]. Previous studies have shown that multilayer coatings applied using the
physical vapor deposition (PVD) process improve magnesium alloys’ corrosion performance, surface hardness,
and wear resistance. For example, WU et al. [15] investigated the corrosion resistance of an Al,O,/Al and
AL O,/Ti multilayer. They found that the maximum corrosion resistance was reached for AL O,/Al multilayer-
coated samples more significantly than the substrate materials. The effect of the TiAIN multilayer films on the
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hardness, thickness, and corrosion performance of AZ91 magnesium alloys was examined by LIANG et al.
[16]. They reported that a multilayer film coated on a magnesium substrate improved surface hardness and
enhanced corrosion resistance. ZHANG et al. [17] prepared a Hf/Si,N, multilayer film on AZ91 materials via
magnetron sputtering, and test results showed that the multilayer-coated magnesium samples exhibited higher
surface hardness, reduced its friction coefficient and improvement of the wear resistance compared with the
untreated specimens.

Boron nitride (BN) nanoparticles in ceramic coatings are being examined for their unique characteristics,
including chemical stability and excellent corrosion resistance [18, 19]. These nano-sized particles can improve
the durability and protection of the AZ91 magnesium alloy, making it more corrosion-resistant even in seawater.
Even so, studies have shown that doping these nanoparticles into the matrix can reduce the degradation that
occurs during the aging process of metallic alloys [20, 21]. Besides BN coatings, ceramic TiO, coatings have
been shown to have desirable physical features such as low coefficient of friction and superior corrosion
resistance [22]. Previous research has demonstrated that TiO, coatings improve not only corrosion resistance
but also the surface hardness of substrates [23, 24]. However, the lack of studies in which BN-TiO, multilayer
coating was exposed to corrosion in saltwater environments and the idea of using the properties of the multilayer
coating to improve the mechanical properties of the AZ91 magnesium alloy inspired the presented research.

Therefore, this study’s BN/TiO, multilayer ceramic coatings were formed on the AZ91 marine equip-
ment material using a physical vapor deposition (PVD) system. All sample’s surface structures and mechanical
properties were examined, and their corrosion behaviors in artificial seawater solution were investigated and
compared.

2. MATERIALS AND METHODS

The chemical composition of the commercially available magnesium alloy AZ91 is illustrated in Table 1. It was
provided by the National Metallurgical Laboratory, India, to be used as the substrate.

The samples were in the form of square prisms measuring 20 x 20 x 4 mm. All samples were cleaned
using 802000 grit SiC paper and polished with 0.3 um Al,O, powder to achieve a uniformly smooth surface. The
samples were washed with ethyl alcohol and dried immediately. The BN-TiO, multilayer films were deposited
on an AZ91 magnesium alloy using a Nanovak NVTS 400 PVD system, aiming for 99.999 purity for BN and
TiO,. Two sets of BN-TiO, multilayer ceramic films were deposited on the substrates, varying the number of
bilayers (4 and 8) and keeping the total thickness the same. Each double layer consisted of a TiO, layer, which
was applied first, followed by a BN layer. The coating parameters are given in Table 2.

Table 1: Chemical composition of AZ91 (wt.%).

Mg Al Zn Mn Fe Cu
Balance 8.63 wt% 0.59 wt% 0.17 wt% <0.05 wt% <0.05 wt%

Table 2: Process parameters of coating.

PARAMETERS VALUES
Deposition pressure (mTorr) 10
Deposition temperature (°C) 45

RF power BN TiO,
W) 120 120
Deposition rates BN TiO,
(A°/s) 0.20.2
Bilayer numbers 2 bilayers 4 bilayers
Deposition time of BN targets (min) 416 208
Deposition time of TiO, targets (min) 416 208
Total deposition time (min) 1664 1664
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After the deposition of the multilayer films, amorphous films appeared. The amorphous multilayer films
were then heated to 550°C in a quartz tube furnace for 120 min. to initiate crystallization. The phase structures
of the materials were examined using an X-ray diffraction device (GNR Explorer, 40 kV, 40 mA) with Cu Ka
radiation (A = 1.54187 A). Scanning electron microscopy (SEM) was used to create cross-sectional images of
the coatings and images of wear scars after wear tests. The grain size of the samples coated with the multilayer
film was also measured using an atomic force microscope (AFM). The contact angles (CA) were detected by
utilizing the sessile drop method with a contact angle meter (Attension Theta Flex) to determine measurements
of wettability of the coated sample surfaces. The CA values were obtained from water droplets (5 ul) at seven
different positions on surface. The electrochemical measurements were carried out with a Gamry Series
G 750 Potentiostat/Galvanostat. For the corrosion tests, an artificial seawater solution was prepared and used
to replicate seawater prepared by the ASTM D1141 standard [25]. Graphite served as the counter electrode,
Ag/AgCl as the reference electrode, and the prepared sample with an exposed surface of 0.38 cm? as the
working electrode in 130 ml of artificial seawater. This was carried out with a conventional three-compartment
cell. Electrochemical impedance spectroscopy (EIS) was measured at the open circuit potential (OCP) with a
frequency range of 100 kHz to 0.01 Hz and an AC amplitude of 10 mV. Using a suitable fitting approach created
by the Zsimpwin program, the experimental results were interpreted based on an equivalent circuit diagram.
The polarization curves covering the potential range from —1 to +2 VRef were recorded at a 1 mV s! scan rate.
The potentiodynamic polarization and EIS tests were repeated at least three times to ensure that the test results
were consistent.

3. RESULTS AND DISCUSSION

3.1. Microstructures

The XRD patterns of the uncoated and multilayer BN-TiO, film-coated AZ91 alloys are shown in Figure 1. Mg
peaks (JCPDF code: 96-900-8507) were detected in uncoated AZ91 alloy, as seen in Figure 1. After the PVD
coating process, new peaks appeared in the XRD pattern of multilayer film-coated alloys, including BN-boron
nitride (JCPDF code: 96-201- 6174), TiO,-anatase (JCPDF code: 96-720-6076). The increase in the double layers
resulted in a gradual rise in the BN and TiO, peaks. Moreover, the shift of these peaks towards higher angles
is thought to be caused by compressive residual stresses in the multilayered coating systems [26]. Multilayer
films containing 8 bilayers were observed to demonstrate stress relief, which is evident through the peak shifting
towards higher angles compared to films with 4 bilayers. The stress development in the BN and TiO, peak
positions is characterized by a gradual and pronounced symmetric broadening and a rise in their intensity in BN/
TiO, multilayer coatings. Potential stress relief can be observed due to the increase in the number of interfaces
when the number of bilayers, n, is increased from 2 to 4—furthermore, individual layers with reduced thickness
exhibit lower residual stress.

SEM photos of cross-sections of multilayer film with 2 and 4 bilayers are shown in Figure 2. According
to Figure 2a, distinct BN and TiO, layers are observed in the structure of the multilayer film with 2 bilayers.
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Figure 1: XRD results of AZ91 magnesium alloy.
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On the other hand, when the structure of a multilayer film with 4 bilayers is examined, it has a more uniform
and integrated structure (Figure 2b). This occurs because columnar growth is inhibited during TiO, deposition,
forming a thin and dense microstructure. EDX analyses of full area-1 and full area-2 are shown in Figure 2 (c—d).
As shown in Figure 2(c), B and N were detected on the surface of the BN layer, which indicates that BN film
was deposited in a multilayer system. According to Figure 2 (d), Ti and O were obtained from the TiO, layer.
This proves that the TiO, layer is inside the multilayer film.

Atomic Force Microscopy (AFM) was employed to assess the grain size of BN/TiO, multilayer film
coatings on the substrate, correlating it with the increase in the number of bilayers. A reduction in grain size
was likely observed due to higher bilayer counts, resulting in decreased bilayer thickness, which subsequently
influenced grain growth within individual layers, as illustrated in Figure 3. It can be said that the grain size in
multilayer films decreases with the increase in the number of bilayers due to the reduction in individual bilayer
thickness. When more bilayers are deposited, each bilayer becomes thinner, limiting the space available for
grain growth within each layer. This restriction results in smaller grains forming as the number of bilayers
increases [27].
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Figure 2: Cross-section SEM micrographs and EDS results observed for multilayer films: (a) and (c) 2 bilayers; (b) and
(d) 4 bilayers.
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Figure 3: Semi-contact mode AFM photos of multilayer films: (a) 2 bilayers; (b) 4 bilayers.
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Figure 4 illustrates the outcomes of the contact angle measurements conducted on the samples. Upon
examination of the figure, it becomes evident that all of the samples exhibit hydrophobic properties, as the angle
formed with the surface exceeds 90 degrees. The results indicate that the sample consisting of a multilayer
film with 4 bilayers showcases the highest level of water repellency, with an angle of approximately 125°.
Additionally, it can be inferred that the number of bilayers influences the surface characteristics of BN/TiO,
multilayer films, leading to decreased wettability. Moreover, the observed changes in wettability in the samples
coated with multilayers can be attributed to variations in surface roughness. The relationship between contact
angle and surface roughness is complex and can be understood through the Wenzel and Cassie-Baxter models,
which describe how surface roughness affects wetting behavior. According to the Wenzel model, when a liquid
droplet spreads on a rough surface, the actual area of contact between the liquid and the surface increases.
This model suggests that surface roughness enhances the wettability of hydrophilic surfaces and decreases the
wettability of hydrophobic surfaces. It is well-established that an increase in the surface roughness of a material
leads to a decrease in contact angle with water, resulting in enhanced hydrophilicity due to the liquid infiltrating
the air pockets within the surface asperities. Consequently, according to AFM results, multilayer film with
4 bilayers exhibits the highest contact angles, attributed to their minimal surface roughness [28].

3.2. Corrosion performance

Corrosion tests were conducted to investigate the influence of multilayer films on the corrosion performance of
AZ91 alloys in artificial seawater. Figure 5 shows the Tafel polarization curves for the uncoated and multilayer
BN-TiO, film-coated AZ91 alloys.
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Figure 4: Contact angle measurement results of the samples: (a) 2 bilayers; (b) 4 bilayers.
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Figure 5: Potentiodynamic polarization curves of uncoated and multilayer film-coated AZ91 alloys immersed in artificial
seawater.
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The corrosion current density (I ) and corrosion potential (E_ ) derived from Tafel polarization curves
are presented in Table 3. Moreover, the polarization resistances (Rp) of the uncoated and multilayer film-coated
samples were calculated using the typical Stern-Geary equation [29]. According to the outcomes, the E__ values
of the multilayer coatings are higher, and the I values are lower compared to the uncoated AZ91 alloys. This
is because the coatings are a barrier for the substrate material against corrosion damage. Also, the highest
E_ . value and the lowest I _ value were taken from the multilayer sample coated with 4 bilayers. It could be
explained that the influence of the grain size plays an essential role in the corrosion performance of multilayer
coatings. The grain boundary acts as a physical corrosion barrier. A smaller grain size results in more grain
boundaries, thereby reducing the corrosion rate in a microstructure with a smaller average grain size than a

microstructure with coarser grains [26].

The electrochemical impedance measurements were used to compare the electrochemical properties of
the uncoated and multilayer film-coated AZ91 alloys. Nyquist plots are shown in Figure 6, and the correspond-
ing Bode plots are displayed in Figure 7. According to Figure 6, the Nyquist plots for the uncoated and all
multilayer films are finished capacitance arcs. Moreover, the finished capacitance arc improved due to the grain
size decrease; the highest capacitance arc value was obtained from the multilayer sample coated with 4 bilayers.
Figure 7 displays the corresponding Bode plots. The corrosion resistance of the uncoated and multilayer film-
coated alloys was evaluated by the model value of the impedance (]Z]) and the phase value. The higher values
for both were observed in multilayer coatings, and it is known that a higher value of |Z| and phase angle stand
for a more protective coating [30]. It may be observed that the maximal value of |Z| and the phase angle are both
higher for the multilayer films compared to uncoated alloys, as shown in Figure 7.

Furthermore, the impedance |Z| value and phase angle increased with the increment in the number of
bilayers. It could be explained that the highest impedance |Z| and phase angle values were observed in a multi-
layer sample coated with 4 bilayers. The circuit diagram described in Figure 8 was used to analyze the empirical
data acquired from this system. Figure 8a illustrates the uncoated alloy’s equivalent circuit, which exhibits a
single time constant. A constant phase element (CPE) is used instead of pure capacitance to represent the inho-
mogeneous surface better, ensuring perfect compatibility in the fitting process. The circuit model (Figure 8a)

Table 3: Corrosion parameters and polarization resistance (Rp) determined from the tafel extrapolation method.

SAMPLES E,. (V) I, (Alem?) b, (V/dec) b, (V/dec) R (kQem?)
AZ91 alloy -1.52 3.81 x 1077 0.132 0.138 76.99
2 bilayers —1.41 242 x10°% 0.113 0.117 106.45
4 bilayers -1.36 3.81 x 107 0.027 0.026 483.32
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Figure 6: Nyquist plot obtained for uncoated and multilayer film-coated AZ91 alloys immersed in artificial seawater.
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Figure 7: Bode plot obtained for uncoated and multilayer film-coated AZ91 alloys immersed in artificial seawater: Bode
impedance (a) and bode phase angle (b).
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Figure 8: The equivalent electrical circuit of (a) uncoated and (b) multilayer film-coated AZ91 alloys.

comprises several components: R_represents the resistance of artificial seawater, CPE denotes the constant
phase element of the double layer at the metal-artificial seawater interface, and R  signifies the charge transfer
resistance of the AZ91 alloys. Fig.8b shows the equivalent electrical circuit of multilayer film-coated AZ91
alloys, offering three types of resistance (R) and two types of constant phase elements (CPE). They are: (1)
resistance of the artificial seawater is characterized via the R , (2) the charge transfer at the multilayer film/alloys
interface is characterized by the R , (3) CPE  was signalized as the CPE of the interface between the multilayer
system and the alloy, (4) the resistance of multilayer coating was indicated as CPEc represented Rc, (5) CPE of
multilayer films. The total polarization resistance (R)) is considered R, = R_+ R _ for the uncoated AZ91 alloys
and R =R+ R+ R for the coated samples [31]. Furthermore, Table 4 displays an increment in the R, value
after the multilayer film was formed on the surface of AZ91 alloys, compared with the uncoated alloys. This
situation can be associated with the ability of multilayer films to provide resistance against corrosion by forming
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Table 4: EIS results for all samples in artificial seawater.

SAMPLES | R R CPE, | m R CPE, n R 2

S c ct t
(Q.cm?) | (kQ.cm?) | (S/cm?s") (kQ.cm?) | (S/cm?s") (kQ.cm?) | chi-square
AZ91 alloy 71.5 - - - 66.333 4.8 %1078 0.72 66.405 1.61 x 1073

2 bilayers 80.1 32.087 |8.52x10°%| 0.65 80.582 3.1x10% | 0.75 112.75 1.12x 103
4 bilayers 79.4 70.552 | 829 x10%| 0.67 | 425.478 23x10% | 0.77 496.11 1.09 x 10

a barrier between the substrate and the corrosive environment. Of all the samples coated with multilayer films,
the sample with 4 bilayers exhibited the best corrosion resistance performance. It can be established that the
contact angle measurement data corroborates the hydrophobic corrosion resistance results. The contact angles
for the multilayer samples coated with 2 and 4 bilayers were 116° and 125°, respectively. This demonstrates
that multilayer samples coated with 8 bilayers provide the best hydrophobic, water-repellent coating to prevent
corrosion. Furthermore, these results indicate that the multilayer films with 8 bilayers exhibit strong corrosion
resistance in corrosive environments.

4. CONCLUSIONS

Using the PVD coating technique, BN/TiO, multilayer films were deposited onto AZ91 alloys. Our findings
revealed that, while Mg phase peaks were detected on uncoated alloy surfaces, BN-boron nitride and TiO,-
titanium dioxide peaks were found using diffraction from multilayer film-coated alloys according to XRD
outcomes. Additionally, the intensity of the BN and TiO, peaks progressively decreased as the number of bilayers
increased, and the shift of these peaks towards higher angles was assumed to be driven by compressive residual
stresses in multilayered coating systems. The contact angles of the multilayer samples coated with 2 and 4
bilayers were 116° and 125°, respectively. This shows that multilayer samples coated with 8 bilayers had the
optimum hydrophobic, water-repellent coating. The potentiodynamic polarization and EIS results revealed that
BN/TiO, multilayer films exhibited superior corrosion resistance to uncoated alloys in artificial seawater. All of
the coated samples had good corrosion resistance compared to uncoated AZ91, and their exceptional performance
in synthetic saltwater was attributed to the multilayer coatings. This behavior can be attributed to the smaller grain
size, increased layered interfaces, higher structural density, and better hydrophobic surface property.
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