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of Ti-6Al-4 V alloy
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Abstract
The presence of pores in a microarc oxidation (MAO) coating is an inherent characteristic that results
from the expulsion and rapid solidification of molten material during the MAO process. The pore size

in the MAO coating on the titanium alloy strongly affects the biocompatibility, but how to controlitis
unclear. The present study utilizes the advantages of NaOH to modulate pore size and plasma
discharge, thereby effectively regulating the pore structure of the coating. The FIB-lift-out method was
employed to directly extract the cross-sectional samples from the coating, enabling a detailed
investigation of the pore microstructure using transmission electron microscopy (TEM). The structure

surrounding the discharge channels exhibit layered zoning characteristics, with an amorphous layer
near the discharge channel and a distinct crystal structure further away from it. The addition of NaOH
enables the regulation of electrochemical and energy release processes, while also facilitating
efficient discharge and spark generation to effectively disrupt the oxide layer and establish a plasma
discharge channel.

Graphical abstract

The presence of pores in a microarc oxidation (MAQO) coating is an inherent characteristic resulting
from the expulsion and rapid solidification of molten material during the MAO process. The pore size
of the MAO coating on the titanium alloy strongly affects the biocompatibility, but how to control this
effectis unclear. The present study utilizes the advantages of NaOH to modulate pore size and plasma
discharge, thereby effectively regulating the pore structure of the coating. The FIB-lift-out method was
specifically employed to directly extract cross-section samples from the surface of the microarc
oxidation coating, enabling a detailed investigation of the pore microstructure using transmission
electron microscopy (TEM). The structure surrounding the discharge channel exhibits layered zoning
characteristics, with an amorphous main structure near the discharge channel and a distinct crystal
structure further away from it. The addition of NaOH ultimately enables the regulation of
electrochemical and energy release processes while also facilitating efficient discharge and spark
generation to effectively disrupt the oxide layerand establish a plasma discharge channel.
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1. Introduction

Titanium and its alloys are extensively used as biomedical implants due to their excellent
biocompatibility and mechanical properties [1,2]. To enhance the wear resistance of such
implants, ceramic coatings fabricated using techniques such as microarc oxidation (MAO), thermal

spraying, and laser cladding have been explored [[3], [4], [5], [6]]. MAO can result in aporous
coating while maintaining excellent biocompatibility [7,8], which is sensitive to the pore size and

density [9,10]. The micro- and nano-scale pores created during MAO [11,12] reduce the elastic
modulus of the coating compared to that of the base metal and enhance its ability to mechanically
interlock with the natural bone [13,14]. The porous structure also enables efficient material transfer
between the implant and human bones [[15], [16], [17]]. Additionally, the behavior of cells on the
surface of implanted materials is intricately linked to the structural characteristics of the material

surface. Prior research has shown that the specific characteristics of pores influence cellmorphology,
differentiation, and secretion of the extracellular matrix [[18], [19], [20]]. When the coating possesses
nanoscale pores, it can enhance cellular adhesion [11], protein adsorption and stimulate osteoblast

migration. When its size is in micron-scale, it can facilitate cell diffusion and proliferation [12]. Li et
al.'s study showed that a pore size of about 10 pm can enhance bone-induced protein adsorption, ion
exchange, and osteoid apatite formation, in addition to the promotion of the adhesion, proliferation,
and differentiation of osteoblasts [21]. Therefore, in order to obtain an MAO coating with a
predetermined pore structure, a detailed understanding of the mechanism of pore formation is
essential.

Keeping the above in view, several studies have focused on the pore structure optimization in MAO
coatings on Ti and its alloys through the tuning of the process parameters and electrolyte composition.
Zhou et al. [22] and Kuroda et al. [23] demonstrated that an increase in the processing time or voltage,
respectively, can lead to anincrease in the pore diameter, while reducing the number of pores per unit
area. Li et al. [24], who added K,ZrF¢ to a silicate electrolyte, reported that with an increase in the
concentration of KyZrFg, an initial decrease and a subsequent increase in both the number and
diameter of micropores on the surface of the MAO coating. Recently, Guo et al. [25] fabricated ultralow
porosity coatings by incorporating graphene oxide into a silicate electrolyte using a one-step PEO
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method on the surface of the Ti-6Al-4 V alloy. The investigation revealed that the addition of graphene
oxide to the one-step PEO process significantly mitigates the surface as well as overall porosity, while
simultaneously promoting the pore shape.

According to prior studies, controlling the morphology of submicron-scale pores or grooves in the
MAO process remains a challenge, despite attempts to modify the applied voltage or oxidation time
[[26], [27], [28]]. The electrochemical process during the MAO treatment can be regulated by
adjusting the concentration of NaOH in the electrolyte, as indicated in several studies [29,30].

Furthermore, the formation of pores is influenced by the NaOH concentration. Rehman et al. [30]
revealed that increasing the concentration of NaOH in the electrolyte led to a reduction in the arc
voltage during the MAO process and resulted in the formation of a thicker coating. They report that an
increase inthe NaOH concentration to 2 g/L significantly reduced the porosity, number of defects, and
width of the discharge traces. Zhou et al. [31] investigated the impact of the NaOH concentration on
the macroporous microstructure by adjusting the NaOH concentration in the electrolyte for a
secondary oxidation treatment. Their results reveal that the addition of 20 g/L NaOH to the electrolyte
facilitated the formation of relatively fine macrospores on the surface of the samples.

NaOH is commonly added as an additive to silicate electrolytes, where SiO3?" aids in forming the
SiO; films. Traditionally, NaOH has been used as a pH regulator. However, its specific role in the film

formation process remains unclear. Consequently, the focused ion beam (FIB) lift-out method is
utilized in the present study for direct observation of micropore nanostructures. Real-time in situ
monitoring of discharge sparks during the MAO process was achieved using an underwater optical
periscope. The integration of these techniques facilitated a deeper understanding of pore formation
mechanisms and elucidation of the impact of additives on MAO coating formation, thereby enabling

precise regulation of electrolyte composition. In this study, a comprehensive investigation was
conducted to explore the influence of varying concentrations of NaOH incorporated into the silicate
electrolyte solution on both the morphological and compositional changes observed in the Ti6Al4V
alloy coating. By combining these coating designs and research strategies with the electrical
characteristics of coating growth, we investigated the influence mechanism of NaOH concentration
on the MAO process and established a growth mechanism model for oxides in MAO coatings.

2. Materials and methods

The Ti6Al4V alloy plate was sectioned to obtain disc-shaped samples measuring
1I5mmx15mmx3mm. The composition of the alloy (wt%) wasAl5.5-6.8, V 3.5-5.5,
C<0.10,N<0.05, H<0.015, 0<0.20 and Fe <0.30; the remainder was Ti. When the Ti6Al4V alloy
sample serves as the anode, astainless steel electrolyser functions as the cathode. The base

material was polished using a step-by-step process with waterproof silicon carbide (SiC) sandpapers
(#200, #400, #600, and #1000). It was then subjected to ultrasonic cleaning with ethanol and distilled
water in sequence before being air-dried.

The electrolyte composition and pH are shown in Table 1; a pH meter (PHS-3C, Lida, China) was used
for the pH measurements. The frequency and duty cycle are set at 600 Hz and 10 %, respectively, for
the applied waveform. The MAO coatings are denoted as MAO-0, MAO-0.05, MAO-0.1, MAO-0.15, and
MAQO-0.2 based on the NaOH concentration in the electrolyte. A constant current of 0.16 A cm™ was
maintained across all samples throughout the entire 10-min processing duration. During MAO, the
alloy sample was fullyimmersed in a5 L electrolyte solution. The discharge sparks of the sample were
observed in situ, using an underwater optical periscope and captured with a camera, as schematically
illustrated in Fig. 1. Subsequently, the sample was rinsed with distilled water to prevent any additional
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deposition of electrolyte components during the drying stage.

Table 1. Sample designation and the NaOH concentration in the electrolyte and the corresponding pH

values of the solution.

Sample designation Base electrolyte (M/L) Additive (M/L) pH
MAO-0 - - 12.50
MAO-0.05 0.05 NaOH 12.54
MAO-0.1 0.15 Na,SiO; +0.02 C3HsO3 0.10 NaOH 12.58
MAO-0.15 0.15 NaOH 12.60
MAO-0.2 0.20 NaOH 12.98
Camgra Optical periscope DC Power Supply

—
|
| Electrolyte
Ti6Al4Y Sample
_J "Stainless steel
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2. Download: Download full-size image

Fig. 1. A schematic diagram of the experimental set up utilized for observing the discharge sparks in
situ using an underwater optical periscope during the MAO process.
The surfaces and cross-sections of the coatings were examined using a field emission scanning

electron microscope (TESCAN MIRA LMS, Czech Republic). A layer of gold film was deposited onto
the surface of the sample before microscopy. An acceleration voltage of 3kV was utilized for
topographic examination, while 15kV using for energy spectrum mapping. The microscope was

equipped with a SE2 secondary electronic detector. The coating thickness was determined by
selecting 20 different cross-sectional locations (imaged at 1500x%) for each sample and conducting
random tests to obtain the average thickness.

The commercially-available software Image-Pro Plus 6.0 was used to calculate the surface porosity
and pore sizes in all the coatings, using the SEM micrographs. The surface porosity was calculated as
follows: surface porosity = (micropore area/total area) x 100 %.

The phase compositions of the coating sample surfaces were analysed using an X-ray diffractometer
(XRD, Rigaku SmartLab SE, Japan). CuKa1 radiation with a wavelength of 1.54056 Aand an operating
voltage of 40 kV was used for scanning in the range of 20°-80° at a scanning speed of 2°/min. The
Raman scattering spectra were acquired using a Horiba Scientific-LabRAM HR Evolution Raman
spectrometer, which was equipped with an excitation wavelength of 514 nm.

The microstructure of the coatings was investigated using transmission electron microscopy (TEM,
JEOL 2100F, 200 kV). Cross-sectional samples for TEM analysis were prepared viafocused ion
beam (FIB, Crossbheam 550, ZEISS) milling. To protect the coating surface from any FIB damage, two
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platinum (Pt) layers, including a thin Pt layer with thickness of 50 nm deposited under electron beam
(2 kV, 5 nA) and an overlapping Pt layer with thickness of 1 pm deposited under FIB using Ga* source,
were deposited onto the coating surface. Next, a series of procedures including bulk-out (30 kV, 15 nA),
medium thinning (30 kV, 3 nA), U-cut (30 kV, 3 nA), lift-out, transfer, and fine thinning (30 kV, 100 pA)
were used to prepare TEM samples. To avoid any further FIB damage, the top and bottom surfaces of
allTEM samples were cleaned at a low voltage and beam current (5 kV, 10 pA). Selected area electron
diffraction patterns (SAED) and high-resolution TEM (HRTEM) images were captured,
while EDS attached to the TEM instrument was used for the elemental analysis.

3. Results

3.1. Voltage response of the MAO treatment

The voltage-time response curves during the MAO process with varying NaOH concentrations are
shown in Fig. 2. Within the treatment time of 10 min, the diagram can be divided into three distinct
regions: conventional anodic, spark discharge, and microarc oxidations [[32], [33], [34]]. The voltage-
time curves clearly demonstrate a downwards shift as the concentration of NaOH in the electrolyte
increases from 0 to 0.2 M/L. This decrease can be attributed to the enhanced electrolyte conductivity,
resulting from the higher NaOH concentration, leading to a decrease in the partial voltage
applied across the electrolyte [35]. During the anodizing stage, there was almost no difference
between the MAO coatings obtained in all electrolytes with different NaOH concentrations, and the
voltage increased linearly. After the addition of NaOH, the breakdown voltage [36] of the coating

gradually decreases due to an enhanced electron avalanche process, exhibiting a significant
reduction compared to that observed without NaOH (Table 2). It is worth noting here that Han et al.

[37] also found that when KOH was added to the electrolyte, the breakdown voltage decreased. After
entering the spark discharge stage, a discontinuous microarc oxide film starts to form on the sample
surface. However, its growth rate remains minimal. As the voltage increases, the microarc oxidation
stage gets initiated; as it is closely linked with the spark discharge, making it difficult to distinguish
between them. Throughout the reaction process, the voltage in the electrolyte without any NaOH
remained consistently greater than thatin the electrolyte containing NaOH, suggesting a lower energy
consumption in the latter, as the voltage variation is closely correlated with the energy consumption
(Q), which can be calculated using the equation: Q =laftbtaUtdt for the MAO process [38],
where I, represents the average current,t, denotes the time required to reach breakdown
voltage, t, is the end time of the MAO reaction, and U; is the change in voltage over time. Table 2
compares the Q values for different NaOH concentrations during the reaction process. Among them,
MAQ-0.2 (-359.8 J-mm™2) exhibited the lowest Q, which was 15 % lower than that of MAO-0. Therefore,
the addition of NaOH not only decreases the breakdown voltage of the coating sample, which leads
to easy spark discharge, but also reduces the Q needed.
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Fig. 2. Voltage-time response at 0.16 A cm™2in the electrolyte with different NaOH concentrations.
Table 2. Energy consumption and breakdown voltage of coatings with different concentrations of
NaOH.

Sample tag Breakdown Voltage (V) Energy consumption (J-mm™7)
MAO-0 294 423.218
MAO-0.05 273 403.592
MAO-0.1 247 388.158
MAO-0.15 241 368.482
MAO-0.2 231 359.769

The appearance of discharge at different stages of MAO is shown in Fig. 3. Based on the voltage-time
responses presented in Fig. 2, three representative samples, namely, MAO-0, MAO-0.1, and MAO-0.2,
were selected for observing the discharge characteristics. After immersing the samples in the
electrolyte and applying the voltage for 15 s, a thin anodic oxide layer forms on the surfaces of all the
samples, accompanied by numerous small uniform white bubbles. Upon entering the spark discharge
stage, multiple small and low-intensity sparking points emerge on the sample surfaces. The size and
brightness of the sparks gradually increase, while their point density also increases with the applied
voltage, up to 60 s. It is worth noting that there are differences in the discharge characteristics of the
samples supplemented with NaOH and those without NaOH. Specifically, at the edge of the MAO-0
sample, a more intense orange-yellow colour was observed. This is confirmed by the high-voltage
distribution curve shown inFig. 2. Furthermore, due to the lower electrical conductivity of the

electrolyte used for MAO-0, the surface conductivity of the sample becomes less uniform and exhibits
greater edge polarizability than that with the addition of NaOH. Therefore, there is an increased
likelihood of charge accumulation at the sample edge, leading to preferential discharge in this region.


https://ars.els-cdn.com/content/image/1-s2.0-S0257897224006169-gr2_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0257897224006169-gr2.jpg
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#f0015
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#f0010
https://www.sciencedirect.com/topics/engineering/oxide-layer
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#f0010
https://www.sciencedirect.com/topics/engineering/electrical-conductivity
https://www.sciencedirect.com/topics/engineering/polarizability

At 300 s, the MAO-0.1 and MAO-0.2 samples exhibited distinct microarc discharge characteristics,
including larger arc spots and higher densities, accompanied by loud sound bursts and significantly
increased oxygen release. During the MAO process, an increase in the size of the discharge and the
decrease in the spatial density are related to the number of discharge sites through which the higher
anode current is able to pass [39]. Therefore, the addition of NaOH not only promotes uniform
discharge on the sample surface, but also reduces the energy consumed throughout the MAO process.

Process duration (Time/s)
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MAO-0
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Fig. 3. Discharge appearance at various stages of the MAO process: (a) MAO-0; (b) MAO-0.1; (c) MAO-
0.2.

3.2. Phase characterization of the MAO coating

The phase structure of the MAO coatings in electrolytes with varying concentrations of NaOH was
investigated using XRD. The obtained scans are presented in Fig. 4(a). All the coatings primarily
consist of Ti, rutile TiO,, and anatase TiO,. In terms of peak intensity, the observed weakening of the
Ti peaks can be attributed to an increase in coating thickness. The fractions of each phase observed
in the diffraction pattern were quantitatively determined and are presented in Fig. 5. It is evident that
anincremental trend is observed for both rutile-type TiO, and anatase-type TiO, within the coating as
the concentration of NaOH increases. It should be noted that rutile is a stable phase at high
temperatures, and upon reaching a certain temperature, anatase will undergo conversion into rutile
[40]. Prior studies have demonstrated that anatase has enhanced biological activity, while rutile has
significantly greater hardness, and, hence, improves the wear resistance of the coating [41].


https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#bb0195
https://ars.els-cdn.com/content/image/1-s2.0-S0257897224006169-gr3_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0257897224006169-gr3.jpg
https://www.sciencedirect.com/topics/materials-science/oxidation-reaction
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#f0020
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#f0025
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#bb0200
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#bb0205

{a} MAO-0,2 = v: Rutile #: Anatase &: Ti

Mm
v

= |

= oL SR . N
MAO-0, 1

=

L]

5 [Mao0g

= et
%'kil | ',

J !
0w 30 40 o & 0 8
20 (degree)

(b) Rutile

Ta

=

o

e

z

oA

o

z

=

[V |
0 200 400 p = — =

Raman Shift (cm™)

1. Download: Download high-res image (481KB)
2. Download: Download full-size image

Fig. 4. (a) XRD patterns and (b) Raman spectra obtained on different MAO coatings.
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Fig. 5. The volume fractions of different phases in the MAO coatings, quantitatively analysed using XRD.
The EDS analysis conducted during the SEM investigation of the MAO coating revealed that Si from the
electrolyte was bound to the MAO coating, as shown in Fig. 8. However, no peaks corresponding to
any Si-based compounds were detected in the XRD spectra. Since the Si contentin the coating
exceeds the Ti content, Raman spectroscopy was used to confirm whether there was SiO; in its
structure. The Raman spectra of the MAO coatings are presented in Fig. 4(b), which reveal the
characteristic band positions of TiO; and SiO; within the MAO coating. The peaks located near
150cm™in the Raman spectra are attributed to the presence of rutile TiO,, while those at
approximately 500 and 600 cm™ are attributed to the presence of anatase TiO, [42,43]. The peaks
observed at approximately 400 and 968 cm™ correspond to SiO, [44]. The peaks corresponding to
both the rutile TiO, and anatase TiO; in the coatings increase with the NaOH concentration in the

electrolyte, which is consistent with the XRD results.

3.3. Surface morphology of the MAO coating

The surface morphologies of the MAO coatings was examined using SEM; representative images are
shown in Fig. 6. An increase in the NaOH concentration is positively correlated with both the quantity
and diameter of the micropores in the MAO coating, as shown in Figs. 6((a-1)-(e-1)). The surface
porosity and pore sizes in all the coatings, estimated based on the SEM images, are listed in Fig. 7. It
indicates that among all the coatings, the MAO-0.15 and MAO-0.2 samples exhibit the highest levels
of surface porosity, at 5.2 % and 6.8 %, respectively. The surface porosity of MAO-0.2 is greater than
that of all the other coated samples as the size of the discharge channel increases. However, the
surface porosities of MAO-0.05 and MAO-0.1 decreased to approximately 2.7 %. In contrast,
compared to these two samples (MAO-0.05 and MAO-0.1), the surface porosity of the MAO-0 sample
slightly increased due to the formation of a large amount of less dense granular oxides. The micropore
diameter gradually increased with the NaOH concentration. These findings suggest that incorporating
varying concentrations of NaOH during the MAO process significantly influences both the pore size
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and surface porosity of the resulting oxide coating. An increase in the NaOH concentration leads to
anincrease in the conductivity of the electrolyte system, facilitating plasma discharge generation and,
consequently, results in an increase in the micropore quantity. Simultaneously, an intensified arc
discharge accelerates charge transfer and material exchange at the interface between the coating and
substrate, contributing to the MAO coating degradation and, ultimately, leads to an aperture
enlargement. Furthermore, the MAO coating gradually thickens during the reaction process, leading
to a reduction in the microarc discharge density on its surface (Fig. 3). However, the energy of
individual discharge events increases. Consequently, as the NaOH concentration increases, the pore
size expands, while the number of pores per unit area decreases.
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Fig. 6. Surface morphologies of the MAO coatings: (a) MAO-0, (b) MAO-0.05, (c) MAO-0.1, (d) MAO-
0.15, and (d) MAO-0.2.
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Fig. 7. Surface porosity levels and pore sizes in different MAO coatings.

Compared with the sample coated with NaOH, the sample coated without NaOH exhibited
pronounced large micropores in specific regions, as evidenced by the higher magnification images
shown in Figs. 6((a-2)-(e-2)). It is evident from Fig. 2, Fig. 3 that the addition of NaOH decreases the
breakdown voltage of the coating, leading to more uniform discharge. This observation implies that
NaOH facilitates discharge while simultaneously reducing the energy required for the coating
breakdown. Conversely, in the absence of NaOH, discharging becomes more difficult for the coated
sample, resulting in localized high-energy discharges and a limited probability of hole formation. The
formation of large micropores results in the generation of a significant quantity of molten oxide due to
their higher energy levels. Under high pressure and intense energy, these molten oxides are expelled
from the channels, akin to the volcanic eruptions, and subsequently solidify upon coming to contact
with the cooler electrolyte. However, due to insufficient time for resolidification, the excess molten
oxides fail to adequately cover the original coating surface. In comparison with samples coated with
NaOH, tiling the coated surface becomes more feasible because the discharge process exhibits
enhanced uniformity and generates fewer molten oxide products. Therefore, the addition of zero or a
small amount of NaOH resulted in the formation of numerous granular oxides on the surface of the
coated sample, as depicted in Figs. 6(a-1) and (b-1). These granular oxides significantly impact the
wear resistance of the coating due to their low density and increased surface roughness. Additionally,
the increase in NaOH concentration led to the formation of microcracks on the surface of the MAO-
0.15 and MAO-0.2 coatings, significantly compromising their mechanical properties. This
phenomenon can be attributed to two factors. First, the addition of NaOH enhances the conductivity
of the electrolyte system, thereby promoting MAO reactions and increasing the ejection of molten
oxides from discharge channels. Subsequently, during cooling, these molten oxides undergo volume
shrinkage-induced internal stress generation. During the breakdown process, the progressive
accumulation of internal stresses induces the formation of surface cracks in the coating. Furthermore,
due to variations in the thermal expansion coefficients and expansion directions among different

phases within the coating, cracking initiates [24].
3.4. Chemical composition of the MAO coating
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Results of the elemental compositions of the different MAO coatings, examined using EDS, are shown

in Fig. 8. Itis clear that all coatings are composed of oxygen (O), aluminum (Al), vanadium (V), titanium
(Ti), and silicon (Si). The O content in the coating surpasses 44 %, indicating the predominant
presence of oxides containing Ti, Al, and Si. The Si content on the surface of the MAO coating
significantly increases due to the insolubility of amorphous SiO; in alkaline electrolytes, thereby

facilitating its deposition onto the coating surface [45,46]. The presence of Ti, Al, and V in the coating
is due to their presence within the matrix of the Ti alloy, while Si originates from an electrolyte
containing silicate. Therefore, it can be inferred that the formation of the MAO coating occurs through
substrate oxidation and deposition of electrolyte compounds. Teh et al. [47] studied the initial phase
of plasma electrolytic oxidation of Ti. Their results showed that a uniformly distributed layer mainly
composed of titanium dioxide formed on the substrate surface first, and then, some substances in

the electrolyte were observed on the oxide film. Moreover, with an increase in the NaOH content in
the Na,;SiO; electrolyte, there is a gradual decrease in the mass percentage of Si on the coating
surface, while that of Ti gradually increases.
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Fig. 8. Elemental composition of the different MAO coatings: (a) MAO-0, (b) MAO-0.05, (c) MAO-0.1,
(d)y MAO-0.15, and (d) MAO-0.2.
Fig. 9 shows the cross-sectional morphologies of the MAO coatings produced with varying NaOH

concentrations. On the basis of the observed compositional distributions, the coatings can be
partitioned into two layers: an outer layer that is enriched in Si and an inner layer enriched in Ti (as
shown in Figs. 9(a-e)). During the MAO process, the thickness of the ceramic coating increases with
the NaOH concentration from 17.7+2.7, to 34.9 2.2 ym. The addition of NaOH to the silicate
electrolyte system enhances the growth rate of the MAO coating. It can be inferred that a thin anodic

oxide layer forms on the Ti6Al4V substrate in the initial stage of the MAO reaction. As the reaction
progresses, the weak point in the oxide film is disrupted, resulting in spark discharge. The deposition
of the molten oxide leads to the thickening of the oxide coating. The introduction of NaOH into the
silicate electrolyte system results in an increase in the OH™ concentration, facilitating the formation
of TiO, through the arc discharge electrothermic chemical reaction and, consequently, enhances the
film thickness [48]. Furthermore, the incorporation of NaOH enhances the electric field intensity and
intensifies the reaction kinetics. Due to a strong electric field, anions such as SiO32” and OH™ migrate


https://www.sciencedirect.com/topics/engineering/elemental-composition
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#f0040
https://www.sciencedirect.com/topics/materials-science/aluminum
https://www.sciencedirect.com/topics/materials-science/amorphous-material
https://www.sciencedirect.com/topics/materials-science/alkaline-electrolyte
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#bb0225
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#bb0230
https://www.sciencedirect.com/topics/materials-science/titanium-alloys
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#bb0235
https://www.sciencedirect.com/topics/engineering/substrate-surface
https://www.sciencedirect.com/topics/materials-science/oxide-film
https://ars.els-cdn.com/content/image/1-s2.0-S0257897224006169-gr8_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0257897224006169-gr8.jpg
https://www.sciencedirect.com/topics/engineering/elemental-composition
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#f0045
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#f0045
https://www.sciencedirect.com/topics/materials-science/ceramic-coating
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#bb0240

rapidly towards the surface of the anode. During the subsequent cooling and solidification process,

additional molten oxides accumulate on the substrate surface, increasing the film thickness. (See Fig.
10.)
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Fig. 9. Cross-sectional morphologies and elemental distributions in different MAO coatings: (a) MAO-
0, (b) MAO-0.05, (c) MAO-0.1, (d) MAO-0.15, and (d) MAO-0.2.
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Fig. 10. Elemental depth profiles of different MAO coatings.
The elemental distributions across the MAO coatings are shown in Figs. 9(a-e) and 10. It is noteworthy

that, compared to the inner layer of the coating, there is a minimal presence of Ti in the outer layer
adjacent to the surface, where Si appears to be significantly more concentrated. The primary
composition of the outer layer of the coating corresponds to that of a silicate oxide, whereas titanium
oxide is mainly distributed in the inner layer. This differentiation becomes more noticeable as the
NaOH concentration increases, as shown in Figs. 9(a-e). This observation further supports the notion
that the growth of the MAO coating is attributed to matrix oxidation and electrolyte compound
deposition.

3.5. TEM analysis of the MAO coatings

The TEM samples were prepared using the FIB lift-out method, which involved direct sectioning of
cross-sectional samples from surface holes of the MAO-0.15 sample. To safeguard against any
potential damage during the cutting process, Pt was deposited onto the surface. By employing this
technique, precise microscopic characteristics of the micropore structure can be obtained, as shown
in Figs. 11(a) and (b). A bright field image of region lll in Fig. 11(c) is presented in Fig. 11(d), illustrating
the presence of hierarchical zoning characteristics surrounding the discharge channel structure. Two
representative regions (zones i - ii) were specifically chosen for detailed microstructure analysis. The

high-resolution image of region i in Fig. 11 (d), as shown in Fig. 11 (e), reveals a disordered phase,

while the presence of a diffraction ring on the outer surface of the discharge channel (Fig. 11(f)) also
suggests its amorphous nature. Furthermore, the high-power TEM bright field image (Fig. 11(g))
captured in region ii provides additional evidence for the existence of a noncrystalline layer near the
surface of the discharge channel, while a crystalline structure is observed at a distance from it. The
high-resolution image displayed in Fig. 11(h) shows a region located far from the discharge channel
(region ii). The image reveals a distinguishable ordered phase, although some positions are
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intertwined with disordered phases. These findings suggest that the primary phase surrounding the
discharge channel is amorphous, while the crystal structure distant from the discharge channel is

clearly discernible. The Fourier transforms (FFTs) of microregions A, B, and C in the high-resolution
image of region iii (Fig. 11(h)) are depicted in Figs. 11(j), Fig. 11(k), and Fig. 11(l), respectively. Based

on theinverse Fourier transforms (IFFTs) corresponding to the microzone locations, region A

represents the rutile phase with a crystal face spacing of 3.2 A, region B corresponds to the anatase
phase with a crystal face spacing of 2.4 A, and region C signifies the silicon oxide phase with a crystal

face spacing of 3.4 A. The calibration results of the selected electron diffraction pattern in Zone iii (Fig.
11(i)) reveal distinct polycrystalline diffraction rings, indicating that the region away from the
discharge channel primarily consists of the rutile and anatase phases of TiO,, with a minor presence
of SiO;, likely dispersed among the nanocrystalline and amorphous forms of TiO, grains.
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Fig. 11. Characterization of the MAO-0.15 sample's coating: (a) A SEM image showing the coating
surface; (b) A SEM image illustrating the cross-section of a micropore; (c) a TEM bright field image of
area Il in Fig. 11(b); (d) a TEM bright field image of the region lll in Fig. 11(c), (g) enlarged images
of region iiin Fig. 11 (d), and high-resolution images and selected electron diffraction patterns of

region i inFig. 11(d) are shown in (e) and (f), respectively, while high-resolution image and
selected electron diffraction patterns of regioniiin Fig. 11(d) are shown in (h) and (i); the FFT diagrams
for the position of the blue rectangular box are shown in Fig. 11(j)-(l), followed by their corresponding
IFFT diagrams presented in Fig. 11(m)-(0).
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EDS area scanning was performed in regions | and Il of Fig. 11(b) to further clarify the compositional
variations in the surrounding regions of the discharge channel. The EDS area scan corresponding
to Fig. 12(e) reveals a higher concentration of Ti and O around the discharge channel, while the Si
content is lower. Fig. 12(j) shows the EDS line scan results obtained from regions surrounding the
discharge channel to areas away from it (indicated by the blue arrows in Fig. 12(e)). Once again, these
findings demonstrate that the amorphous region encompassing the discharge channel contains a

greater proportion of TiO, than does the polycrystalline region situated further away. The EDS area
scan images in Figs. 12(f-h) correspond to the image in Fig. 12(a). It is evident that the concentrations
of Ti and O decrease towards the periphery of the discharge channel, while Si is uniformly distributed
throughout. In Fig. 12(i), a line scan across the position in Fig. 12(a) reveals an increase in the Si
content as it approaches the coating surface. These findings are consistent with the preceding SEM
analysis of the distribution of elements in the MAO coating section.
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Fig. 12. TEM bright field image, EDS line scan, and surface scan of the cross-sectional micropore in
the MAO-0.15 coating are presented: (a)-(d) surface scan results of area | in Fig. 11(b); (e)-(h) surface
scan results of area Il in Fig. 11(b); (i) line scan image along the purple arrow in Fig. 12(a); and (j) line
scan image along the purple arrow in Fig. 12(e).

4. Discussion
The MAO process that occurs on the surface of Ti6Al4V can be categorized into three consecutive
stages. Fig. 13 illustrates the role of OH™ in each of those stages. In the initial stage, a thin anodized
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layer is formed on the substrate through an electrochemical reaction and associated physical

processes, while numerous small gas bubbles are generated on the surface. The growth of the
anodic oxide layer at this stage is driven by the difference in electrode potential between Ti and O [49],
with O primarily originating from the oxidation reactions of OH™ and 02" [50].

Cathod Cathod
(a) _— e E E.ferlrﬂ.f_p.re I(b) et Electrolyte

Discharge f rm -Ilﬁﬂﬂ region * Vit chansal
se8res, o0 Tegtetue gos NG utteet ¢ oled

epedscs oo fivwony &

L‘a.*.‘mdr
E."ﬂ. triolyte

Nirich area

1. Download: Download high-res image (1MB)
2. Download: Download full-size image
Fig. 13. Diagram of the coating evolution of the Ti6Al4V alloy during MAO treatment. (a) When a voltage

is applied, the anions in the electrolyte undergo adsorption onto the positively charged substrate,
resulting in dielectric breakdown and discharge; (b) the discharge region forms a localized melt

channel; (c) the growth mechanism of a single discharge channel.

The second stage of the MAO process is schematically illustrated in Fig. 13(a). When NaOH is
introduced into the silicate electrolyte system, the relative migration rate of ions is influenced by their
particle size and charge. Since OH™ has a higher migration rate than SiO3;2” under an electric field, it
reaches the surface of the anode more rapidly. The negative charge on the oxide layer surface
increases with increasing OH™ concentration. Simultaneously, cationic charges such as
Ti** accumulate at the interface between the oxide layer and the metal substrate. Therefore, on the
surface of the original preformed oxide layer, positively and negatively charged aggregation pairs are
formed at many local locations. At this juncture, the charge accumulated at both ends of the oxide
layer is similar to that of a capacitor, and when the positive and negative charges continue to
accumulate, the potential difference at both ends of the oxide layer will continue to increase. When it
is sufficient to break down the oxide layer, it will cause a discharge phenomenon and eventually lead
to simultaneous discharge at multiple points on the surface of the oxide layer. Discharge can occur
anywhere within this layer depending on its strength, including at the interface between metal and


https://www.sciencedirect.com/topics/materials-science/electrochemical-reaction
https://www.sciencedirect.com/topics/engineering/oxide-layer
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#bb0245
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#bb0250
https://ars.els-cdn.com/content/image/1-s2.0-S0257897224006169-gr13_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S0257897224006169-gr13.jpg
https://www.sciencedirect.com/topics/materials-science/electrical-breakdown
https://www.sciencedirect.com/science/article/pii/S0257897224006169?via%3Dihub#f0065
https://www.sciencedirect.com/topics/materials-science/mechanical-strength

oxide or that between oxide and electrolyte [51,52]. Following breakdown, due to the high pressure
and heat energy from discharge, a local melt channel forms in regions where preformed oxide layers
exist [51], as depicted in Fig. 13(b). Components present in this melt zone from both the electrolyte
and substrate can be ionized by a strong electric field induced by an applied voltage [53,54]. The
resulting OH", SiO3%, and Ti** plasmas generated within this region can be incorporated into coatings

through the following plasma chemical
reactions.(1)Ti4++40H->TiO2+2H20(2)40H->021+2H20+4e-(3)Si032->Si02+1/202+2e-(4)SiO3

2-1+H201>PlasmaSiO2s+20H-1

Different types of discharges occur during the MAO process, which Hussein et al. [52] classified into
three categories: A, B, and C. The B-type discharge originates at the substrate-coating interface,
establishing a channel from the substrate to the coating surface, thus forming interconnected pores
throughout the coating. Such interconnected pores promote the diffusion of OH ions. This is
conducive to the micropore formation process, and each discharge and spark can breakdown the
oxide layer, forming a plasma discharge channel, thereby increasing the ion flow, electron flow and
melting current of the oxide layer. In addition, due to the high intensity of B-type discharge and the
large heat-affected zone (HAZ), including the adjacent coating and the bottom substrate, the transfer
of OH to the Ti6Al4V substrate through the discharge channel is enhanced under the action

of thermal diffusion, which can be verified by the presence of a large dome-like projection on the
substrate, as shown in Fig. 9. As a result, more of the substrate is dissolved, allowing more Ti to
participate in subsequent plasma reactions and form more titanium oxide phases.

Third, as the reaction progresses, the plasma bubbles expand. Under high-pressure conditions, a
majority of the plasma is expelled from the discharge channel into the electrolyte, while a residual
portion forms an inner layer at the interface between the substrate and coating. During this process,
owing to the high-energy characteristics of the discharge channel, plasma exhibits a significant ability
to dissolve substantial amounts of oxides at elevated temperatures and often transforms
into amorphous and crystalline states upon cooling from the molten state [55], as previously

confirmed by FIB-TEM analysis. Ultimately, a layered distribution is observed around the discharge
channel structure, with amorphous components predominantly present in proximity to it, whereas
distinct crystal structures are evident further away from it (Fig. 11). Additionally, the plasma that
erupts outwards gradually cools through interactions with the cold electrolyte. Oxides with high
freezing points, such as titanium oxide, undergo initial solidification (reactions (1)) and subsequently
deposit on the channel wall. Conversely, liquid oxides with lower freezing points, such as silica,
consistently solidify at the mouth of the channel (reactions (3)-(4)). Some inorganic ions, such as
SiO3?7, dissolve in cold electrolytes. As a result, Ti is located more in the inner layer than in the outer
layer. In the silicate electrolyte without the addition of NaOH, less substrate is dissolved, and more
electrolyte is involved in the plasma reaction. With the addition of NaOH to the electrolyte, the
dissolution of the substrate increases, and more Ti ions enter the discharge channel. Thus, as shown

in Fig. 9, the titanium oxide content in the inner layer of the coating increases as the concentration of
NaOH increases.

The discharge breakdown results in the formation of a slightly thicker coating, after which the new
coating rebreaks the weak spot of the coating at a slightly higher potential difference in the next cycle,
repeatedly undergoing melting, melt expansion, resolidification, diffusion, sintering, and
condensation [52,[56], [57], [58]]. Finally, with the combined action of different discharge types, the
MAO coating can continue to grow and rebuild over its entire thickness [59].
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Recently, the antibacterial coating of medical grade Ti alloys has emerged as a prominent area of

research. Although the incorporation of antibiotics into the surface coating of such alloys is widely
practiced, achieving sustained drug release remains a challenge due to their short-term and rapid
release characteristics [60,61]. By utilizing a porous loaded platform based on a MAO film in
conjunction with a drug-releasing nanocontainer, it is possible to develop antibacterial coatings that
enhance the biological properties of the titanium alloy implants, while reducing the infection risks.
Therefore, incorporating NaOH in the electrolyte, for controlling the porous structure within the MAO

layer offers a promising approach for achieving optimal drug loading capacity and sustained release.
5. Conclusion

In this work, MAO coatings on a Ti6Al4V alloy were synthesized through the addition of NaOH to a
silicate electrolyte using a simple one-step MAO process. The addition of NaOH enables control over
the pore size and density of the coating, so as to tune its biocompatibility. The proposed approach
holds great potential for fabricating porous structures with exceptional drug-loading capacity,
facilitating sustained drug release in bone implant applications, and mitigating the risk of implant
failure. The following conclusions can be drawn on the basis of this work.

The energy release processes can be controlled by varying the NaOH concentration. As the
concentration of NaOH increases, the breakdown voltage and energy consumption of the coated

samples decrease. NaOH facilitates the generation of highly efficient discharges and sparks,
effectively disrupting the oxide layer and establishing a plasma discharge channel. Microstructural
analysis revealed that the surface porosity, pore size, and thickness of the MAO coatings increased
with increasing NaOH concentration. The outer layer mainly contains SiO,, while the inner layer is
predominantly composed of titanium oxide. The structure surrounding the discharge channel exhibits
distinct layered band characteristics. Near the discharge channel, an amorphous primary structure is
observed, which gradually transitions into a recognizable crystal structure with increasing distance.
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