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1 | Introduction

Abstract: This study systematically investigated the effects
of three types of surface modification techniques—chemical
treatment, thermal treatment, and electrochemical treatment—
on the adhesion and corrosion resistance of SiOg protective
coatings on TC4 titanium alloy substrates. Through multi-
scale characterization, it was found that substrate roughness is
positively correlated with coating adhesion. CgHO3Si chemical
treatment (roughness 63 pm) and MAO treatment (62 pm)
achieved the highest adhesion strengths of 8.01 MPa and 7.91
MPa, respectively, with both exhibiting 100% Type B interface
failure (cohesive failure within the coating), indicating that
the interface bonding strength exceeds the coating’s inherent
strength. In contrast, HoO2 treatment (roughness 16 pm) ex-
hibited the lowest adhesion (2.57 MPa). Electrochemical testing
revealed that CgHO3Si-treated samples had the most positive
corrosion potential (-0.087 V), lowest corrosion current (4.3
nA/cm?), and widest passivation range (0.131 V), demonstrat-
ing the best corrosion resistance. MAO treatment increased
surface hardness to 417 HV (uncoated substrate: 204 HV),
improving corrosion resistance by 51.08%. After 10 days of salt
spray testing, the impedance of the CgHO3Si and MAO coating
systems remained above 1.0 x 10° Q - cm?, significantly out-
performing FCS treatment (corrosion current: 30.7 nA/cm?).
XRD confirmed that MAO forms highly crystalline rutile-type
TiO2 (characteristic peaks at 27.5° and 36.1°), while FCS
generates a CaTiOgz/hydroxyapatite composite layer (peaks
at 33.2° and 25.9°). The dense phase structure is key to en-
hancing protective performance. The synergistic optimization
of substrate roughness, interfacial bonding, and passivation
capability achieved by combining CgHO3Si chemical treatment
with MAO electrochemical treatment provides an effective so-
lution for the application of titanium alloy protective coatings
in harsh environments.

Keywords: metal protective coatings, titanium alloy surface
treatment, CsHO3Si, corrosion resistance, micro-arc oxidation,
electrochemical impedance

Metal corrosion issues are prevalent across many sectors of the national economy, such as oil and gas,

petrochemicals, transportation, and machinery manufacturing. In fact, corrosion problems exist wherever metal
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materials are used [T}, [2]. Corrosion causes significant losses and harm to social production. According to rough
estimates, the global economic losses caused by metal corrosion have reached 2.5 trillion US dollars. In the
past, looking at the global oil and gas production industry, according to estimates by the American Society for
Testing and Materials, the annual total corrosion cost worldwide was 1.3 billion dollars [3]. The annual losses
from metal corrosion far exceed the combined losses from floods, fires, windstorms, and earthquakes (average
values), and this does not include indirect losses caused by corrosion-related shutdowns, reduced production,
and explosions [4, [l [6]. Moreover, corrosion-related safety incidents cannot be ignored. For example, a
hydrogen sulfide stress corrosion-induced rupture of a reflux tank at a petrochemical plant led to an explosion,
resulting in direct economic losses of nearly 9 million yuan and causing casualties [7} [§]. Additionally, corrosion
leads to extensive rusting, causing premature failure of metal materials and resulting in significant waste of
resources and energy [9]. Corrosion products and deposits reduce the heat transfer efficiency of equipment
such as boilers and heat exchangers, wasting large amounts of standard coal. The harmful gases such as SO2
produced by burning this coal further exacerbate environmental pollution [I0} 11} [12]. Therefore, to protect

metals from corrosion, applying a coating to the metal surface is one of the commonly used methods.

Metal coatings are an economical and effective material for protecting metals. Under the coating, the
likelihood of electrochemical corrosion of the metal decreases, as the coating blocks the source of corrosion
between the metal and atmospheric corrosive substances, allowing the metal to retain its original properties
[13| [14] [15]. However, the protective effect of metal coatings is not foolproof; coated metals may still be subject
to corrosion, aging, and inadequate adhesion, leading to failure. Coating failure is often caused by cathodic
reactions or reactants affecting the coating on the metal surface. These reactions directly lead to the separation
of the coating from the metal, a phenomenon known as cathodic delamination [I6} [I7]. Cathodic reactions can
occur under natural corrosion conditions or under protective conditions. However, regardless of the condition,
when the pH value in the cathodic zone reaches 13-14, it indicates that the external environment has become
strongly alkaline, which is a highly aggressive metal oxide that easily attacks the coating on the metal surface
[18,[19]. When atmospheric conditions change and coating-metal separation occurs, the metal exhibits rust-like
colors, indicating that the coating oxides have been damaged by strong alkaline substances, thereby losing
their protective efficacy |20, [21]. This has also been confirmed in some coating scratch tests, where strong
alkaline substances can erode the polymer molecules in the coating, causing it to become brittle, crack, and
fail [22]. Additionally, during corrosion, hydroxide ions are generated at the cathode, which can hydrolyze
certain water-soluble groups in the paint film, disrupting the wet adhesion between the coating and the metal.
This causes the paint film to lose its original mechanical and physical properties, thereby losing its protective
function for steel [23][24] 25]. In this context, researchers have focused on improving the adhesion and corrosion

resistance of metal protective coatings through various surface treatment methods.

To improve adhesion between metal and coating, Baek et al. [26] used 3D printing technology to modify
the surface of polyetheretherketone (PEEK) materials, resulting in reduced peel strength of the metal coating,
indicating that this method enhances adhesion. Caraguay et al. [27] described using laser surface texturing
before organic coating deposition to improve adhesion between organic coatings and steel. Similarly, Fan et al.
[28] used a laser surface texturing process with a 500-volt voltage to treat aluminum alloy ceramic coatings,
achieving the strongest adhesion after 30 minutes of treatment. Abdelaal et al. [29] employed air plasma
treatment during the deposition of polymer coatings on metal substrates, achieving higher adhesion and friction

performance.

To enhance the corrosion resistance of metal coatings, Dong et al. [30] subjected high-speed laser-clad

nickel/316L alloy coatings to heat treatment, improving corrosion resistance. However, corrosion resistance first
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increased and then decreased with rising treatment temperatures. Gao et al. [31I] proposed a surface treatment
technique—ultrasonic impact treatment—to enhance the performance of high-entropy alloy coatings, improving
corrosion resistance by 23% while also enhancing wear resistance and tensile strength. Wang et al. [32]
applied magnetron sputtering and remote induction-coupled oxygen plasma treatment to multi-layer chromium
coatings, resulting in a decrease in the corrosion rate of stainless steel coated with chromium oxide layers and
an improvement in the corrosion resistance of the coatings. Izadi et al. [33] demonstrated that the corrosion
resistance of low-carbon steel surfaces coated with epoxy coatings after treatment with environmentally friendly

sol-gel films was improved.

To enhance adhesion and corrosion resistance, Parhizkar et al. [34] used graphene oxide nanosheets and
3-aminopropyl triethoxysilane to covalently modify the steel surface, significantly improving the adhesion
and corrosion resistance of the epoxy coating and reducing cathodic delamination. Ramezanzadeh et al. [35]
treated steel surfaces with epoxy coatings using environmentally friendly praseodymium oxide nanomembranes,
significantly improving corrosion resistance and bond strength while reducing cathodic delamination. Mahidashti
et al. [36] improved the corrosion resistance and adhesion properties of epoxy coatings on steel surfaces treated
with cerium conversion coatings and nettle inhibitors. Igbal et al. [37] subjected AA2024-T3/organic coatings
to continuous polyetheroxane and citric acid dehydrogenase surface treatment, achieving better wet adhesion
and corrosion resistance. Bahlakeh et al. [38] treated low-carbon steel polyester/melamine coatings with
neodymium oxide nanomembranes, significantly reducing the peeling rate and improving corrosion resistance.
The adhesion strength of coatings treated with neodymium oxide/hydroxide compounds also increased. Jothi
et al. [39] reported that the adhesion and corrosion resistance of AZ31 magnesium-based polyurethane coatings
were improved after anodic oxidation treatment. Wang et al. [40] modified the silane coupling agent-treated
micro-arc oxidation layer on water-based polyurethane coatings on aluminum alloys, resulting in significantly
improved adhesion and corrosion resistance. Trentin et al. [4I] noted that mechanical polishing, etching, sol-gel
primer, and anodic oxidation treatment can all enhance the adhesion and corrosion resistance of epoxy coatings

on low-carbon steel and aluminum, with aluminum showing the best results after anodic oxidation treatment.

The article provides a detailed exposition of various surface treatment technologies for titanium alloys,
microstructural interface characterization methods, and testing methods for key coating properties. Specifically,
in terms of surface treatment technologies, the research focuses on three core methods: chemical treatment,
thermal treatment, and electrochemical treatment. The systematic application of these methods aims to
provide diverse substrate surface states with distinct characteristics for subsequent coating applications.
After determining the processing methods, phase composition, microstructure, and elemental distribution at
the interface between the coating and substrate before and after processing were comprehensively analyzed
using techniques such as XRD, optical microscopy, scanning electron microscopy (SEM), and electron probe
microanalysis (EPMA). Additionally, substrate property tests quantified the fundamental parameters influencing
coating adhesion, including surface roughness and Vickers hardness. Finally, the interface bonding performance
was assessed through multi-scale mechanical testing methods such as scratch tests, indentation tests, and
tensile tests to thoroughly investigate the bonding quality between the coating and substrate. The final
performance tests directly targeted the core functional properties of the coating. Adhesion tests quantitatively
measured the coating’s resistance to vertical peeling. Toughness tests evaluated the coating’s resistance to
bending deformation to determine the optimal toughness corresponding to the pivot size. To evaluate corrosion
resistance, accelerated tests simulating a corrosive environment were designed. Chloride salt immersion tests
were conducted in a 3.0% NaCl solution to observe the corrosion of the coating over time. Salt spray tests were

conducted in a 5% NaCl salt spray environment for 10 days, with regular observations of surface degradation of
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the coated steel specimens and comparisons with blank controls to quantify the impact of different processing

methods and coating formulations on long-term protective performance.

2 | Establishment of a system for different metal protective
coating treatment methods and performance characterization
methods

2.1 | Classification of titanium alloy surface treatment technologies

2.1.1 | Chemical treatment technology

Chemical treatment technology involves the reaction between the surface of titanium alloys and chemical
reagents to form protective oxide films or other functional coatings on the material surface. In recent years,
high-concentration NaOH or HoO32 treatment processes have been widely applied in the field of titanium alloy
surface treatment, as these processes can form stable surface oxide layers. In the biomedical field, a method
combining acid-base pretreatment with immersion in a rapid calcification solution (FCS) can form a bio-ceramic
coating on the surface of TC4 titanium alloys. To further enhance coating performance, researchers introduced
modifiers such as vinyl triethoxysilane and sodium polyacrylate to optimize the structural properties of the
bio-ceramic coating. Chemical treatment offers advantages such as simplicity and low cost compared to other
surface treatment methods. However, the oxide layers obtained through traditional chemical oxidation are
relatively thin, and the dense oxide layers formed on the surface of titanium alloys can affect the effectiveness
of subsequent chemical plating and electroplating processes. This liquid-phase deposition technology provides

a new technical approach for the application of titanium alloys in the field of hard tissue implant materials.

2.1.2 | Heat treatment technology

Heat treatment technology alters the physical and chemical properties of titanium alloy surfaces by applying
different temperature conditions and controlling cooling methods. Among these, laser hardening, as a localized
heat treatment method, can refine the surface microstructure and enhance the hardness of titanium alloys. In
practical applications, laser cladding technology demonstrates unique advantages, particularly in the treatment
of friction pairs made of titanium alloys and nickel-based alloys in aircraft engines. By cladding the surface of
the titanium alloy substrate with mechanically mixed powders of CoCrW and WC, a stable surface modification
layer can be obtained in a short time. This technology features a short preparation cycle and stable quality, and
effectively avoids cracking issues caused by thermal effects. Additionally, heat treatment of copper alloy coatings
at temperatures below 600°C is another effective method, providing more technical options for regulating

material surface properties.

2.1.3 | Electrochemical treatment technology

Electrochemical treatment technology is an important method for surface modification of titanium alloys,
primarily including traditional anodizing and micro-arc oxidation (MAQO) processes. MAO technology is a
novel surface treatment method developed based on traditional anodizing, which overcomes the limitations of

conventional anodizing by applying high voltage. This technology utilizes the instantaneous high-temperature
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and high-pressure environment in the micro-arc discharge zone to directly convert the surface of titanium alloys
into an oxide ceramic film. In micro-arc oxidation treatment of TC4 titanium alloy surfaces, a hard oxide film
with excellent adhesion can be formed, achieving a surface hardness of approximately 417 HV, a significant
improvement over the 204 HV hardness of untreated TC4 titanium alloy surfaces. Its corrosion resistance
is also enhanced by approximately 51.08%. This electrochemical treatment method not only improves the
wear resistance and corrosion resistance of the titanium alloy but also enhances the material’s thermal shock

resistance.

2.2 | Sample characterization

After modifying the surface of the metal substrate using the above chemical, heat treatment, and electrochemical
techniques, it is necessary to systematically characterize the treated samples and the resulting coating/substrate
interface in order to gain a deeper understanding of the treatment effects and their potential impact on the

performance of subsequent coatings.

2.2.1 | Phase composition and microstructure

1) Phase and composition analysis. An RAX-10 X-ray diffractometer was used to characterize the phase
composition of the surface of the molten salt-treated samples. The sample surface was scanned using Cu target
Ka rays (A = 1.5518 A) over a range of 10 to 90°, at a speed of 10° /min.

2) Morphology analysis. An optical microscope (CX40M model) was used to test and characterize the
macroscopic morphology of the samples after surface treatment. An S-4800 scanning electron microscope
was used to test the surface before and after treatment, as well as the interface between the substrate
and coating, and to characterize the surface, cross-section, and section morphology. An energy dispersive
spectrometer attached to an EMPA-870QH2 electron probe was used to analyze the elemental distribution at
the substrate-coating interface in face-scanning mode, thereby determining the chemical composition at the

interface.

2.2.2 | Performance testing

1) Substrate Surface Roughness. Substrate surface roughness is one of the key factors influencing the surface
condition of the substrate material and is also a primary factor affecting the adhesion between the coating and
the substrate. The TIME@3221 surface roughness meter was used to characterize the average values of the Ra
and Rmax roughness parameters of the substrate surface. Assemble the instrument, place the test sample on
the stage, and control the movement of the sensor to slide it across the sample surface. After the sliding is
complete, the sliding trajectory and roughness values are displayed on the roughness tester interface, and the
Ra and Rmax values at this time are recorded as the results of a single test. The measurement length is 5.00
mm. Select 5-6 different points on the sample surface for measurement, then take the average value as the Ra
value and Rmax value of the substrate’s surface roughness.

2) Substrate Vickers hardness. A HDX-1000 TMC/LCD digital microhardness tester is used to characterize
the Vickers hardness value of the substrate material. The computer performs indentation testing on the
polished cross-section of the specimen. The procedure involves placing the specimen on the hardness tester’s

specimen stage, rotating the handwheel until a clear image appears on the computer screen, then performing
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an indentation and recording the hardness value at that time. The loading force used in the test is 4.80 N, with
a loading time of 10 seconds. Ten different positions are selected on the specimen surface for measurement,

and the average value of the measurements is taken as the Vickers hardness value of the matrix.

2.2.3 | Interface integration performance

1) Scratch test. The MFT-4000 multifunctional material surface performance tester was used to conduct
scratch tests on the interface between the substrate and the coating. The specific steps were as follows: the
test sample was placed directly below the specimen stage, and the distance between the specimen on the stage
and the scratch tester was adjusted using a computer to bring them close together. The scratch test was then
initiated via the computer. The relevant parameters for the scratch test are as follows: the loading speed is set
to 100 N/mm, the scratch length is set to 5 mm, and the scratch termination load is set to 100 N. Five scratch
test results are taken for each sample to ensure the accuracy of the experimental results.

2) Indentation test. A digital microhardness tester is used to perform indentation tests on the interface between
the substrate and the coating. The loading force used in the test is 4.80 N, and the loading time is 10 seconds.
A computer was used to perform indentation tests on the interface between the coating and substrate of the
specimens. The procedure involved placing the specimen on the hardness tester’s specimen stage, rotating the
handwheel until a clear image appeared on the computer screen, and then performing one indentation test on
the specimen. Five indentation results were obtained for each specimen.

3) Tensile test. A 5583-type universal testing machine was used to determine the bond strength between the
substrate and the coating interface. The specific operation process was as follows: one side of the specimen was
coated, and the other side was surface-treated, with the specimen dimensions being ¢p=26.1 mm. E7 adhesive
was then applied to both sides of the specimen, and two molds were selected to bond with both sides of the
specimen, forming one pair of specimens. Ensure good alignment between the two, then apply pressure to
fix them in place. Use a scalpel to remove any excess adhesive from the specimen’s surface, then place the
specimen in an oven and dry it at 100°C for 3 hours. The specimen is then removed and placed in a testing
machine. The testing machine is operated via computer until the specimen separates from the mold, at which
point the value is recorded. To ensure the accuracy of the test results, five pairs of specimens are selected from

each group, and their bond strength values are tested. The average value is taken as the bond strength.

2.3 | Performance testing

Based on the results of the microstructural characterization and interfacial adhesion performance tests described
above, this chapter further conducts standardized tests on the key properties of the coating itself—adhesion,
toughness, and corrosion resistance—to evaluate the practical application performance of the metal protective

coatings prepared using different surface treatment methods.

2.3.1 | Adhesion test

Conduct adhesion testing on the prepared coating. First, apply an equal amount of AB adhesive evenly to the
test specimen in the testing instrument and let it cure for 24 hours. The test specimen with the coating is
securely attached to the adhesion tester. A vertical tensile stress is applied to the test specimen, with the stress

increasing at a constant rate of 0.6 MPa/s. When the adhesion between the test specimen and the coating
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reaches its maximum value, the adhesion tester records the measured data. The measurement is repeated 10

times, and the average value is taken to minimize errors.

2.3.2 | Resilience testing

Conduct a toughness test on the prepared coating. After assembling the coating toughness tester, select the
appropriate shaft size for the coating being tested (typically tested in descending order from largest to smallest).
Secure the coating to be tested to the bottom of the shaft, rotate the handle 180 degrees to ensure the shaft
comes into contact with the coating, and finally inspect whether the bent coating has cracked. When the
coating surface cracks, the previous shaft size is considered the coating’s optimal toughness. After determining

the optimal toughness, five tests must be conducted to minimize errors.

2.3.3 | Chloride salt immersion test

Corrosion resistance testing of polymeric anti-corrosion coatings. Three samples were prepared for each
formulation and cured in a constant temperature and humidity chamber for 144 hours. After curing, the edges
and backs of the specimens were sealed. The polymer corrosion-resistant coating specimens to be tested were
immersed in a 3.0% sodium chloride solution, and the corrosion condition of the coating surface was observed
after 1 day, 5 days, and 10 days, respectively. The results were compared with the control group to determine

the effect of different treatment methods on the corrosion resistance of the polymer coating.

2.3.4 | Salt spray test

Conducting salt spray corrosion resistance testing. Use oxalic acid to clean rust from the surface of steel bars
with a diameter of 7.5 mm and a length of 15 cm, then use ethanol to remove any excess oxalic acid from the
steel bars. The prepared polymer corrosion-resistant coating was then evenly applied to the surface of the
steel bars using a brush. Three samples were prepared for each formulation, which were cured under constant
temperature and humidity conditions for 168 hours. The ends of the steel bars were then sealed with epoxy
resin, and after drying for 1 day, the samples were placed in a salt spray chamber with a sodium chloride
concentration of 5%. Conduct a salt spray test for 10 consecutive days. On the 10th day, observe the changes
on the surface of the titanium alloy coated with the polymer corrosion-resistant coating to assess the impact of

different treatment methods on the corrosion resistance of the titanium alloy coating.

3 | Research on the stability and protective performance of
coating structures in titanium alloy surface treatment pro-
cesses

Based on the surface treatment technology system and characterization methods established in previous section
focuses on TC4 titanium alloy to systematically conduct multi-scale performance verification of coating corrosion
protection under chemical treatment, heat treatment, and electrochemical treatment, and to investigate the

influence mechanism of different treatment processes on the structure-function characteristics of the coating.
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3.1 | Chemical pretreatment of TC4 titanium alloy substrate and prepa-
ration of SiO, coating

3.1.1 | Pre-treatment of substrate surface

Using titanium alloy TC4 as the experimental subject, the TC4 substrate was ultrasonically cleaned with
deionized water and anhydrous ethanol for 30 minutes, followed by three rinses with deionized water for later
use.

Five solutions were used for immersion at 150°C for 1 hour: high-concentration NaOH, H2O2, fast
calcification solution (FCS), vinyl triethoxysilane (CgHO3Si), and sodium polyacrylate (C3H3zNaO2),. After

cooling to room temperature, the samples were removed and rinsed with deionized water.

3.1.2 | Coating preparation

Take 50 mL of anhydrous ethanol and place it in a beaker. Add 4.531 g of ethyl orthosilicate, stir for 5 minutes
to ensure uniform mixing, and label as A. Take another 50 mL of anhydrous ethanol, add 2 mL of deionized
water and 0.04 mL of hydrochloric acid, mix thoroughly, and label as B. Using a separatory funnel, slowly add
solution B to solution A, stir at 26°C room temperature for 1 hour, at a speed of 300 rpm, and then aged at
70°C in an oven for 6 hours to obtain the SiO2 sol-gel coating solution. The surface-treated TC4 substrate was
vertically and slowly immersed into the SiO2 sol-gel coating solution, and the coating was slowly and uniformly

lifted at a speed of 4 cm/min, repeated five times, and then dried and set aside for later use.

3.1.3 | Experimental procedure

Irradiation test: UV irradiation (280-350 nm) at a temperature of 40°C, irradiation intensity of 1 W/m?, for
72 hours.
During heat treatment, the cleaned T'C4 substrate was subjected to experimental treatment using either

100°C hydrothermal treatment or 600°C vacuum heating.

3.2 | Effect of surface treatment on the optical properties of coatings and
the structural stability of substrates

After completing the substrate pretreatment and coating preparation, it is necessary to systematically evaluate
the impact of different treatment processes on the functional properties of the coating (such as optical

performance) and the structural stability of the substrate.

3.2.1 | Analysis of optical properties after chemical treatment

Figure [[] shows the changes in transmittance of TC4 coated with a SiO2 layer before and after 72 hours of UV
irradiation, following surface modification using different methods. As shown in the figure, except for the TC4
substrate pretreated with HoOg solution, which exhibited a slight decrease in transmittance, the transmittance
of TC4 coated with SiO2 after surface modification using the other four methods remained unchanged after 72
hours of irradiation. This indicates that the coating samples prepared using NaOH, HoO2, FCS, CsHO3Si,

and (C3H3NaO2), chemical treatments maintained good optical properties and demonstrated a certain degree
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of resistance to UV irradiation after 72 hours of UV exposure.
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FIGURE 1 Transmittance curves of silica coated T'C4 before and after UV irradiation

3.2.2 | FTIR analysis after heat treatment

Figure [2] shows the FTIR spectra of TC4 before and after hydrothermal treatment and vacuum treatment.
From the curves in the figure, it can be observed that after 1 hour of hydrothermal treatment at 100°C, the
characteristic absorption peaks of the imine ring, including the carbonyl stretching vibration peak at 1017
nm, the C-N stretching vibration peak at 1434 nm, and the aromatic ring stretching vibration peaks at 1910
nm, 1933 nm. This indicates that the overall structure of TC4 remains unchanged under these hydrothermal

conditions and after vacuum treatment at 600°C.

During vacuum heating treatment at 600°C, the thickness of the oxide layer on the surface of the TC4
substrate was only one-fifth of that obtained under air treatment. This dense oxide film significantly enhances
the material’s corrosion resistance in marine environments. High-frequency induction heat treatment technology,

through rapid heating and controlled cooling, can form a nanocrystalline layer on the surface of titanium alloys.

3.3 | XRD phase analysis

The above optical performance and structural stability analysis indicate that different processing methods
have a significant impact on the surface of TC4 and the interface state between the coating and substrate. To
further clarify its phase composition and phase transformation behavior, especially the differences in phase

composition after high-temperature cycling, in-depth phase analysis using X-ray diffraction (XRD) is required.
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FIGURE 2 FTIR spectra of TC4 of hydrothermal and Vacuum heating treatment

331 |

XRD phase analysis under different chemical treatments

The TC4 titanium alloy treated with five solutions—NaOH, H2O2, fast calcium solution (FCS), vinyl triethoxysi-

lane (CgH3Si), and sodium polyacrylate (CsH3NaO2),—was subjected to 200 cycles at room temperature,

heat treatment at 100°C, and vacuum heat treatment at 600°C. The XRD diffraction patterns obtained are

shown in FiguresEHﬂ It can be seen that the phase composition of the high-temperature alloy before oxidation

is /7’ phase for all five solutions, while the phase composition after oxidation shows significant differences.

Intensity/a.u.

NaOH

—26°C

Water heating 100°C
Vacuum treatment at 600°C
® TiO:

10

20

30 40

50 60 70 80 90
26/deg.

FIGURE 3 XRD patterns of X after being treated with NaOH solution

It can be seen that under NaOH treatment, the main oxidation product is rutile-type TiO2, with strong

peaks at 27.5° (110) and 36.2° (101). Characteristic peaks also appear at 41.4° and 54.5°, indicating that

high-temperature cycling promotes the phase transformation from anatase to rutile.
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FIGURE 4 XRD patterns of X after being treated with HoOg solution

Under H202 treatment, the oxidation products are amorphous TiOg + Ti3Os. The 25.6° broad peak is

characteristic of amorphous TiO2, while the 48.2° peak corresponds to Ti3Os. The loose H2O2 oxide film

leads to the formation of some sub-stoichiometric oxides.
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FIGURE 5 XRD patterns of X after being treated with FCS solution

The oxidation products under FCS treatment are CaTiO3 and hydroxyapatite Caio(PO4)¢(OH)2. The
33.2° peak corresponds to the CaTiOs (121) crystal plane, while the 25.9° and 31.8° peaks correspond to

the (002) and (211) cryst

perovskite structure.

The oxidation products of vinyl triethoxysilane are amorphous SiO2 + TisSis.

al planes of HA, respectively. FCS pre-calcination promotes the formation of the

The 22° broad peak

corresponds to the amorphous characteristic of SiO2, while the 35.5° peak corresponds to the TisSiz(112)
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crystal plane. At high temperatures, Si reacts with Ti to form silicides.
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FIGURE 6 XRD patterns of X after being treated with CgHO3Si solution
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FIGURE 7 XRD patterns of X after being treated with (C3H3zNaOgz), solution

The products obtained under sodium polyacrylate treatment are NasTizO7 and NaoTiOs. The characteristic
peaks of NagTizO7 are at 23.8° (110) and 32.7° (020), while the peak at 47.1° is attributed to NagTiO3. Na™
ions are embedded into the titanium oxide structure to form layered compounds.

The antioxidant activity ranking is FCS > silane > NaOH > sodium polyacrylate > H2O2. The FCS

group forms a dense CaTiOz/HA composite layer, resulting in the slowest decrease in y-Ti peak intensity
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(lowest oxidation level); the HoO2 group shows nearly complete disappearance of the v-Ti peak, with the
weakest protective properties of the amorphous oxide layer. High-temperature phase stability is reflected in

the enhanced TisSis peak at 600°C in the silane-treated group, with silicates inhibiting oxygen diffusion.

3.3.2 | XRD phase analysis under electrochemical treatment

The aforementioned analysis focuses on the effects of chemical treatment and heat treatment on phase
composition. Correspondingly, as an important surface modification technique, the phase composition of the
coatings induced by electrochemical treatment also requires detailed analysis.

The XRD diffraction patterns of the alloy treated with traditional anodization and micro-arc oxidation
(MAO) are shown in Figure Before oxidation, both coatings consist of a saturated single v phase, with other

elements present in the « phase in the form of solid solutions.
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FIGURE 8 XRD patterns after traditional anodizing and MAO treatment

Under conventional anodization, the main product is amorphous or weakly crystalline TiO2 (primarily
the anatase phase), characterized by broadened peak widths and low intensity, with typical peaks at 25.3°
and 48.1°. The a-Ti phase of the substrate (with main peaks at 35.1°, 38.4°, and 40.2°) remains significantly
present, indicating a thin oxide film.

Under micro-arc oxidation (MAO), the oxidation products are highly crystalline rutile-type TiO2, with
sharp and high-intensity characteristic peaks, with strong peaks at 27.5° (110), 36.1° (101), 41.2° (111), and
54.3° (211). Due to the composition of the electrolyte (e.g., containing silicates or phosphates), small amounts
of AlaTiOs (peak at 26.1°) or TiP2O7 (peak at 23.5°) may be formed, enhancing the stability of the coating
layer. The intensity of the a-Ti peak is significantly reduced, indicating a thicker and denser oxide film.

Chemical composition analysis of the TC4 titanium alloy coatings under the two electrochemical treatment
technologies was conducted, with seven points randomly selected as observation points. Table El shows the
chemical composition analysis of the coatings at each point under the two treatment methods.

Table presents the chemical composition (Ti, O, C, Al, Si, P) and their average values at seven randomly
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selected points (P1-P7) on the surface of TC4 titanium alloy coatings treated with traditional anodizing and
micro-arc oxidation (MAO). The data clearly reveal significant differences in elemental composition between

the coatings formed by the two treatment technologies.

TABLE 1 Chemical composition analysis of each point of the coating/%

Traditional anodizing MAO
Ti O C Al Ti (0] Si P
P1 58.24  8.52 1.23 0.88 50.44 13.64 2.06 2.15
P2 58.33  7.89 1.05 094 4896 1517 1.98 2.02
P3 57.92  6.73 1.32 0.70 51.21 12.85 2.31 1.42
P4 59.16 = 9.21 1.15 099 5197 16.33 1.75 234
P5 59.59 8.14 0.97 0.96 49.47 14.08 254 212
P6 58.22 7.62 1.41 0.72 = 51.95 13.17  2.22 1.72
P7 58.01 9.05 1.08 1.09 4826 16.95 1.63 2.45

Average = 5850 817 1.17 090 50.32 14.60 2.07 2.03

In the traditional anodizing coating, the primary component is titanium (Ti), with an average content
as high as 58.50%, while the average oxygen (O) content is relatively low at 8.17%. Additionally, it contains
small amounts of carbon (C), averaging 1.17%, and aluminum (Al), averaging 0.90%. The content fluctuations
of each element at different measurement points are relatively small, indicating that the coating composition
is relatively uniform but dominated by the titanium substrate. The extremely high titanium content and
extremely low oxygen content indicate that the formed titanium dioxide (TiO2) film layer is very thin and
unable to effectively cover the substrate.

In the micro-arc oxidation (MAQO) coating, the titanium (Ti) content is significantly reduced, averaging
50.32%, while the oxygen (O) content is significantly increased, averaging 14.60%, indicating the formation of
a thicker, more oxidized surface layer. Additionally, the coating contains significant amounts of silicon (Si) at
2.07% and phosphorus (P) at 2.03%, elements that are virtually absent in traditional anodized coatings. These
Si and P elements originate from the electrolyte (e.g., silicates, phosphates) and are incorporated into the
growing ceramic layer under the high-temperature, high-pressure conditions of micro-arc discharge, forming
phases such as AloTiOs and TiP20O7. There is some variation in elemental content across different measurement
points, which may reflect the non-homogeneous microstructure of the ceramic layer, such as micro-pores and
melted particles. This composition, rich in oxygen and titanium and containing electrolyte-derived elements

(Si, P), is direct evidence of the formation of a thick, composite ceramic oxide film in MAO.

3.4 | Analysis of metal coating performance test results under different
treatment methods

XRD phase analysis revealed the phase composition evolution at the coating/substrate interface under different
treatment processes. Based on this, Section 3.4 further combines mechanical and electrochemical tests to

quantify the contribution of the above phase characteristics to coating adhesion and corrosion resistance.
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3.4.1 | Coating adhesion test analysis

Different methods were used to treat the surface of TC4 titanium alloy. After treatment, the surface roughness
of the test samples was measured. At the same time, epoxy anti-rust paint was applied to the surface of the
samples. The adhesion of the coating on the samples after different surface treatments was tested. The average

results of 10 tests are shown in Table

TABLE 2 Test results of adhesion of coatings after different surface treatments

Surface roughness/um | Adhesion strength/MPa = Interface failure mode

Chemical treatment NaOH 29 3.47 70%A/B
H202 16 2.57 90%A /B
FCS 60 7.83 100%B
CgHO3Si 63 8.01 100%B
(CsH3NaO2) 42 5.15 40%A/B
Hydrothermal treatment 100°C 34 4.85 60%A /B
Vacuum heating 600°C 52 6.72 20%A/B
Electrochemical treatment Traditional anodizing 38 4.16 60%A /B
MAO 62 7.91 100%B

As shown in Table El, the surface treatment grade of the substrate is correlated with surface roughness.
The higher the roughness, the larger the contact area between the coating and the substrate, resulting in
higher coating adhesion strength. Among chemical treatments, the substrate treated with vinyl triethoxysilane
exhibited the highest roughness (63 pm), corresponding to the strongest coating adhesion (8.01 MPa); while
H203 treatment resulted in the lowest roughness of 16 pm and the weakest adhesion (2.57 MPa). Therefore,
the surface of TC4 titanium alloy substrates should be pretreated with a CgHO3Si solution immersion to
remove surface contaminants while achieving a surface roughness of over 60 pum, thereby ensuring the substrate

surface protective coating has excellent adhesion strength.

The coatings treated with FCS, CgHO3Si, and micro-arc oxidation (MAO) all exhibited 100% Type B
failure, indicating cohesive failure within the coating, which suggests that the interfacial bond strength is higher
than the coating’s own strength. In contrast, HoO2 and hydrothermal treatment at 100°C primarily resulted in
A /B-type failure (mixed failure), indicating weaker interfacial bonding. MAO treatment exhibited an adhesion
strength of 7.91 MPa, which is comparable to that of CgHO3Si treatment (8.01 MPa) and significantly superior
to the 4.16 MPa of traditional anodic oxidation.

3.4.2 | Analysis of the surface potential of the substrate

Studies have shown that immersion in FCS and CgHO3Si solutions can effectively increase the surface roughness
of the substrate, ensuring the adhesion strength of the coating on the substrate surface. However, due to the
unique chemical composition of the TC4 titanium alloy surface, the residuals of different solutions on the
substrate surface can significantly affect the corrosion resistance of the substrate surface. FCS, gHO3Si, and
(C3H3NaO2)y, solutions, which demonstrated overall superior performance, were used to treat the titanium
alloy surface. The surface potential of the treated TC4 titanium alloy was tested. The results of the surface

polarization potential tests and the electrochemical characteristics of the substrate surface under the three
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solution immersion treatments are shown in Figure [9] and Table E respectively.
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FIGURE 9 Surface polarization potential maps of TC4 under 3 different treatments

TABLE 3 Electrochemical characteristic values of the surface of TC4 titanium alloy

FCS CgHO3Si (C3H3NaO2)n

Open Circuit Potential (OCP)/V -0.281 -0.173 -0.234
Corrosion Potential/V -0.168 -0.087 -0.121
Corrosion Current (nA/cm?) 30.7 4.3 13.9
Passivation Potential/V 0.837 0.876 0.851
Breakdown Potential/V 0.945 0.962 0.952
Passivation Zone Width/V 0.118 0.131 0.124
Passivation Current Density (uA/cm?) = 1.316 0.451 0.768

The more positive the self-corrosion potential of a metal, the wider the passivation zone, and the more
corrosion-resistant the metal. As shown in Figure El and Table @ compared to treatments with FCS and
(C3H3NaO3)y, titanium alloys treated with CgHOg3Si solution exhibit superior corrosion resistance. The
corrosion potential of CsHO3Si treatment is the most positive (-0.087 V), the corrosion current is the lowest
(4.3 nA/cm?), the passivation potential range is the widest (0.131 V), and the passivation current density is the
smallest (0.451 uA/cm?). Under FCS treatment, the corrosion current (30.7 nA/cm?) is significantly higher
than that of CgHO3Si, indicating poorer corrosion resistance. Sodium polyacrylate exhibits an intermediate
performance, with corrosion potential (-0.121 V) and current (13.9 nA/cm?) between the two, but a narrower

passivation range (0.124 V).
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3.4.3 | Electrochemical impedance test results and analysis

The electrochemical impedance of the coating system determines the penetration and diffusion performance of
the corrosive medium within the coating. The higher the electrochemical impedance, the better the coating’s
shielding performance against the corrosive medium, i.e., the higher the coating’s corrosion resistance. The
electrochemical impedance test results of the coating systems on titanium alloy surfaces under different

treatment conditions are shown in Figure [T0]

Z"/x10°Q
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4
7'/x10%Q

FIGURE 10 The conditions of different coating systems after 10d of salt spray testing

As shown in Figurem after 10 days of conventional salt spray testing, the electrochemical impedance of all
coating systems remained above 1.0x 107, indicating that the coatings formed on the surface of TC4 titanium
alloy after chemical treatment with CgHO3Si solution, vacuum heating at 600°C, and MAO micro-arc oxidation
electrochemical treatment all exhibit excellent shielding effects against corrosive media, demonstrating superior

corrosion resistance.

4 | Conclusion

This study systematically compared the effects of three types of surface treatment methods (chemical, thermal,
and electrochemical) on the performance of protective coatings for TC4 titanium alloy, leading to the following
conclusions.

Dense oxide layers (e.g., rutile TiO2 in MAO and CaTiO3/hydroxyapatite in FCS) can significantly inhibit
the penetration of corrosive media. High-temperature thermal treatment (600°C under vacuum) forms a
thin oxide layer (one-fifth the thickness in air), which synergistically enhances the structural stability of the
substrate. FTIR analysis confirmed that the characteristic peaks remained unchanged.

Surface roughness is the core factor determining coating adhesion. Chemical treatment with vinyl
triethoxysilane (CgHO3Si) achieved the highest surface roughness (63 um), corresponding to a coating adhesion

strength of 8.01 MPa, with a failure mode of 100% Type B (coating cohesive failure), indicating that the
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interfacial bonding strength exceeds the coating’s own strength. Micro-arc oxidation (MAO) treatment achieved
a roughness of 62 pym and adhesion of 7.91 MPa, comparable to CgHO3Si, and significantly superior to the
4.16 MPa achieved by traditional anodic oxidation.

The CgHOsSi-treated samples exhibited the most positive corrosion potential (-0.087 V), the lowest
corrosion current (4.3 nA/cm?), the widest passivation range (0.131 V), the smallest passivation current density
(0.451 pA/cm?), and the best corrosion resistance. MAO treatment formed a highly crystalline rutile-type TiO2
ceramic layer (characteristic peaks at 27.5° and 36.1°), increasing surface hardness to 417 HV and improving
corrosion resistance by 51.08%; After 10 days of salt spray testing, the impedance remained >1.0x10° Q - cm?2.
Although FCS treatment exhibits strong adhesion (7.83 MPa), residual calcium salts cause elevated corrosion

current (30.7 nA/cm?), limiting corrosion resistance.
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