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Abstract: Micro-arc oxidation (MAO) is performed on Ti-6Al-4V electron-beam-welded joints, and 

the microstructure, phase composition, and corrosion resistance of the joint and surface coating are 

investigated systematically by scanning electron microscopy (SEM), energy-dispersive X-ray spec-

troscopy (EDS), X-ray diffraction (XRD), as well as electrochemical and stress corrosion analyses. 

SEM analyses revealed that the joint undergoes a phase transformation. The coating morphology of 

the joint and base materials is similar, but the joint coating is denser and thicker. XRD analyses 

recognize the rutile and anatase phases in the coating. Polarization and electrochemical impedance 

spectroscopy (EIS) corrosion tests reveal that the MAO treatment results in a decrease of two orders 

of magnitude in the corrosion current density of the welded joint and an increment of corrosion 

resistance. Stress corrosion evaluation reveals that a dense layer is exposed to protect the joint after 

long-term exposure to a high-stress corrosion environment. No stress corrosion-induced cracking 

or defects are observed in the joints, indicating the corrosion resistance of the joint has significantly 

improved. 

Keywords: Ti-6Al-4V alloy; electron beam welding; micro-arc oxidation; corrosion resistance;  

microstructure 

 

1. Introduction 

Titanium and its alloys possess many excellent properties, such as low density, high 

specific strength, and corrosion resistance [1–3]. With the development of ocean equip-

ment and high-performance ships, there is an increasing demand for many marine appli-

cations. Electron beam welding (EBW), which possesses many advantages such as high 

energy density and welding speed, large fusion depth, a small heat-affected zone, and 

good protection effects, is a desirable choice for precision welding of titanium alloys or 

other active and difficult-to-dissolve metals [4,5]. However, the microstructure between 

the joint and the base metal is inconsistent. For example, the microstructure of the Ti-6Al-

4V base metal is mainly composed of the primary α phase and intergranular β phase, but 
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the heat-treated microstructure chiefly consists of the primary α phase, residual β phase, 

and precipitated acicular martensite-α’. The typical microstructure of the weld bead con-

sists of coarse columnar β grains and the α’ phase caused by non-equilibrium solidifica-

tion due to rapid melting and high cooling rates in the fusion zone [1,2]. The heterogeneity 

of the microstructure is the main factor leading to corrosion. For example, the α’ phase in 

the β phase accelerates the corrosion of titanium alloys [6]. In addition, pi�ing mainly 

occurs on the α’ grains to form the stressed surface, and the combined action of stress and 

impurity oxidation induces stress corrosion and the formation of a porous passive layer 

in the joint [7]. Although titanium alloys form passivation films during service in the ma-

rine environment, the films can rupture under high hydrostatic pressure, resulting in 

stress corrosion [8]. 

Post-weld heat treatment is an effective method to improve the corrosion resistance 

of joints. Reza et al. investigated the effect of post-weld heat treatment on the corrosion 

properties of the explosively bonded interface of A5083/AA1050/SS321 tubes [9]. The re-

sults show that by increasing the temperature and time of the heat treatment process, the 

energy stored due to explosive welding is reduced, the difference in the concentration of 

aluminum related to steel in the interface layer decreases, and the corrosion rate (current 

density) and electrical charge transfer decrease. Adjusting process parameters is also help-

ful in improving the corrosion resistance of joints. Jandaghi et al. analyzed the microstruc-

tural evolutions and their impact on the corrosion behavior of explosively welded Al/Cu 

bimetal [10]. The results of polarization and electrochemical impedance spectroscopy 

(EIS) corrosion tests show that a lower stand-off distance resulted in a decrease in corro-

sion potential, current rate, and concentration gradient at the interface. Micro-arc oxida-

tion (MAO) is widely used to prevent corrosion of valve metals such as Mg, Al, Ti, and 

their alloys [11,12]. Shokouhfar et al. studied the corrosion resistance of the ceramic coat-

ing on the Ti substrate by MAO in different electrolytes. They found that coated samples 

showed be�er corrosion behavior than bare titanium. Additionally, the spark voltage of 

oxide films has a significant effect on the surface morphology, size, and homogeneity of 

micro-pores, thickness, and corrosion properties of coatings [13]. Zhang et al. study the 

growth mechanism of titania on a titanium substrate during the early stage of plasma 

electrolytic oxidation. They find that the combined effect of porosity and thickness in the 

PEO coating is responsible for the improvement in corrosion resistance [14]. Lately, the 

study of micro-arc oxidation on Ti alloy has focused on its combination with high-energy 

beam technology. For example, Nisar et al. investigated the corrosion performance of 

plasma electrolytic oxidation coatings on femtosecond laser-treated Ti-6Al-4V alloy. They 

find that femtosecond coating with MAO provides enhanced mechanical and adhesion 

properties with an exceptional passivation effect to reduce the corrosion rate [15]. Wu et 

al. study the microstructural evolution and biological properties of MAO coating on se-

lective laser melting (SLM)-prepared NiTi alloy. They find that the MAO process can ef-

fectively improve the corrosion resistance and biological activity of SLM-NiTi alloy and 

inhibit the release of Ni elements [16]. However, far too li�le a�ention has been paid to 

the corrosion behavior of electron beam welded Ti-6Al-4V alloy. After electron beam 

welding, the joint microstructures of the titanium alloys also change. However, the effects 

of these changes are not clear and understood, and in particular, the effects of MAO on 

the corrosion resistance of Ti-6Al-4V electron-beam-welded joints have not been exten-

sively studied [17–19]. Hence, the main aim of this study is to explore the corrosion be-

havior and microstructure changes in Ti-6Al-4V joints produced by the electron beam 

welding technique. Herein, Na2SiO3 and Na3PO4 are used as the electrolytes to treat the 

Ti-6Al-4V electron-beam-welded joints and base metal by MAO. The effects of the MAO 

treatment on the microstructure and stress corrosion of the welded joints are investigated, 

and the mechanism for the improved corrosion resistance is explored and discussed. 
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2. Experimental Details 

2.1. Preparation of Electron-Beam-Welded Ti-6Al-4V Joints 

Table 1 shows the chemical composition of the Ti-6Al-4V alloy. Its tensile strength, 

yield strength, and elastic modulus are 942 MPa, 845 MPa, and 108 GPa. The Ti-6Al-4V 

alloy joints (50 mm × 50 mm × 2 mm and 50 mm × 25 mm × 2 mm) were prepared using 

the THDW-4 electron beam welder. Its accelerating voltage is 0~70 kV, the electron beam 

current is 0~50 mA, the beam power is 3 kW, and the ultimate vacuum degree of the weld-

ing chamber is 10−2 Pa. Before welding, the samples were polished with SiC sandpaper 

(320#–1000#) to remove the surface oxide film, cleaned ultrasonically in acetone to remove 

oil stains, underwent passivation (HF: HNO3: H2O = 5:15:80), and cleaned with ethanol for 

later use. During welding, the voltage was 65 kV, the welding current was 10 mA, and the 

welding speed was 300 mm·min−1. The joints showed an overall silver-white color, and the 

pa�erns were continuous and uniform with no obvious defects such as cracks, depres-

sions, or undercu�ing. Figure 1 depicts the schematic drawing of electron beam welding 

and the subsequent MAO process. 

Table 1. The chemical composition of Ti-6Al-4V alloy (wt.%). 

 Ti Al V Fe O C N H 

Ti-6Al-4V Bal 6.2 4.1 0.3 0.2 0.1 0.05 0.015 

 

Figure 1. Schematic drawing of electron beam welding process (I) and subsequent MAO process 

(II). 

2.2. Preparation of MAO Coatings 

A pulsed bipolar power supply was employed to perform the MAO process. Its 

power is 30 kVA, the output voltage is 0~750 V, the output current is 0~50 A, the duty cycle 

is 5~95%, and the frequency is 20~2000 Hz. Before the MAO process, the samples were 

cleaned ultrasonically in a mixture of acetone and alcohol. The electrolytes were: 15 g/L 

Na2SiO3, 10 g/L Na3PO4, and 1 g/L NaOH. The samples were the anode, and the stainless 

steel tank was the cathode (Figure 1). The other instrumental parameters were: current 

density = 12 A/dm2, duty cycle = 20%, pulsing frequency = 300 Hz, and processing time = 

20 min. After the treatment, the residual electrolytes on the samples were removed by 
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rinsing with deionized water for 3 min and then sonicating in alcohol for 5 min. The sam-

ples were dried with a blower and stored in a bag for later use. 

2.3. Characterization 

The surface and cross-sectional microstructures of the gold-coated Ti-6Al-4V elec-

tron-beam-welded joints before and after MAO were examined by field-emission scan-

ning electron microscopy (SEM, Gemini 500, 15 kV) equipped with the Bruker D8 Ad-

vance energy dispersive spectroscopy (EDS) to determine the elemental composition. The 

phase compositions of the joints and coatings were analyzed by X-ray diffraction using a 

voltage of 40 kV, a current of 50 mA, a wavelength of 0.1541 nm, and a 2θ range of 10°–

90°. The images were processed by the ImageJ software to analyze the pore size and dis-

tribution as well as the porosity of the coating. 

2.4. Electrochemical Assessment 

Potentiodynamic measurements and electrochemical impedance spectroscopy (EIS) 

were applied to study the corrosion performance of the samples. All the electrochemical 

tests were performed with the aim of the CorrTest CS350H electrochemical workstation at 

room temperature. The samples and copper wires are connected with tin solder. The sam-

ple was sealed by a cold-embedding method to expose an area of 1 cm2. The electrochem-

ical test was conducted on the three-electrode cell system in an aqueous 3.5 wt% NaCl 

solution. The sample was the working electrode (WE), the platinum electrode was the 

auxiliary electrode (CE), and the saturated calomel electrode (RE) was the reference elec-

trode. A potentiodynamic polarization test was conducted at a scanning rate of 10 mV·s−1 

and a scanning range of −1~2 V (vs. OCP). An electrochemical impedance spectroscopy 

(EIS) test was conducted in a frequency range of 100 kHz to at 10−1 Hz and 10 mV around 

the OCP. Meanwhile, the required time to reach the steady state was 2 h. 

2.5. Stress Corrosion Evaluation 

Stress corrosion evaluation was performed according to ASMT G39-99. The experi-

mental setup depicted in Figure 2a,b consisted of two parts: bolts and brackets. The solu-

tion was 2.9 M NaCl + 0.1 M HCl with constant displacement at room temperature, and 

the dimensions of the specimens were 30 mm × 2 mm × 2 mm. The stress was controlled 

by applying a deflection with the bolt. The stress was 800 MPa, and the test duration was 

30 days. Table 2 shows the sample coding based on Figure 1, electron beam welding 

(EBW), and the MAO process. 

 

Figure 2. (a) Schematic diagram; (b) Dimensions of the experimental setup; (c) Sample dimensions. 
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Table 2. Samples coding based on Figure 1; electron beam welding (EBW) and MAO treatment. 

Sample Sample Description EBW MAO 

S0  base metal (BM) No No 

S1 heat-affected zone (HAZ) Yes No 

S2 fusion zone (FZ) Yes No 

S3 welded zone (WZ) Yes No 

S4 welded joint (WJ) Yes No 

S5 BM treated by MAO No Yes 

S6 HAZ treated by MAO Yes Yes 

S7 FZ treated by MAO Yes Yes 

S8 WZ treated by MAO Yes Yes 

S9 WJ treated by MAO Yes Yes 

3. Results and Discussion 

3.1. Ti-6Al-4V Joint Morphology 

Figure 3 shows the microstructures of different regions of the Ti-6Al-4V electron-

beam-welded joint. The microstructure of S0 is composed chiefly of the primary α phase 

(dark color) and intergranular β phase (bright color), while S1 consists of mainly the pri-

mary α phase, residual β phase, and fine acicular α’ martensite [2]. Owing to the high 

temperature and relatively low cooling rate in the welded zone (WZ), the high-tempera-

ture β phase transforms into the acicular α’ martensite, and α’ martensite clusters with the 

same orientation, and some acicular α’ martensite precipitates are formed from the β grain 

boundary. The former is distributed in a feather-like pa�ern on both sides of the grain 

boundary, while the la�er is distributed in a disorderly manner with some vertical growth 

and formation of the grain boundary (GB) α [20]. The reason for the α phase preservation 

may be the absorption of oxygen by titanium, which is an α-stabilizer. 

 

Figure 3. SEM images of (a-1, a-2, a-3) S0, (b-1, b-2, b-3) S1 and (c-1, c-2, c-3) S3 in different re-

gions. 
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3.2. Coating Morphology and Structure 

Figure 4a–d show the microscopic morphology of the joint coating. The surface fea-

tures are similar, showing unevenly distributed micro-pores of different sizes and molten 

protrusions resembling volcanoes. There are two main reasons for the formation of the 

morphology. Firstly, when the voltage exceeds the breakdown voltage, the anions in the 

electrolyte move toward the substrate and enter the discharge channel under the action of 

the electric field. The high voltage and high temperature lead to the preferential break-

down of the weak anodic oxide film on the substrate via a series of chemical reactions in 

the electrolyte to generate the molten oxide products. Subsequently, the oxide products 

are discharged from the discharge channel and deposited on the substrate surface to form 

micro-protrusions with micro-pores under the cooling effect of the electrolyte. On the 

other hand, the gas generated from the reaction can produce micro-pores [11]. As the 

thickness of the MAO coating increases, the energy required to break through the coating 

becomes greater. Hence, the reaction gradually becomes stronger. More multiple mi-

cropores are fused, and more molten materials are ejected, leaving long micropores (red 

circular area) and elliptical micropores (blue circular area). Micro-cracks are also formed 

on the surface of the coating (green circle area) due to the large stress caused by rapid 

cooling when the molten materials contact the electrolyte [21]. 

 

Figure 4. Surface morphologies of (a) S5, (b) S6, (c) S7, and (d) S8. 

Figure 5 depicts the cross-sectional morphology of the different regions of the MAO 

coatings, and they are quite similar. The interface between the coating and substrate is 

uneven due to the melting of the layer and substrate caused by the high temperature and 

pressure during arc discharges. Consequently, the film and substrate form a strong met-

allurgical bond [22]. 
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Figure 5. Cross-sectional morphologies of (a) S5, (b) S6, (c) S7, and (d) S8. 

Generally, the coatings in each area are relatively dense, especially the joint coating. 

Although the power parameters are constant, the uneven microstructure in the different 

areas gives rise to different oxidation durations. Compared to other areas, the duration of 

the MAO process in the WZ region is longer. The coating with defects gradually breaks 

down and falls off, consequently improving the overall compactness of the coating. There 

is a separation between the loose and dense layers in the fusion zone and the melting and 

self-sealing holes near the fusion line (FL), as manifested by the large roughness and pore 

size shown in Figures 4c and 5c. This may be due to the sharp corners in the areas [23], 

which lead to repeated breakdowns caused by the point discharge. More breakdowns oc-

cur to produce a larger surface pore size and roughness. 

Figure 6 shows the analysis of the different regions before and after MAO. The XRD 

spectrum of the base metal (BM) shows diffraction peaks of both the α and β phases, in-

dicative of the typical (α + β) bimodal microstructure in the BM with mostly the α phase. 

The WZ region comprises the α phase and acicular α’ martensite, which are difficult to 

distinguish because both phases have the hexagonal compact packed (HCP) structure 

with similar la�ice parameters and appear at the same diffraction angle (2θ). Therefore, 

the peaks of the α phase and acicular α’ martensite are almost identical in the XRD pa�ern 

[24]. The phases of the MAO coatings in the BM and WZ regions are similar, mainly show-

ing the rutile phase TiO2 and anatase phase TiO2. The reason for the appearance of α and 

α’ phases in the MAO coatings is due to the small coating thickness and surface mi-

cropores, thus allowing the X-ray to penetrate the coating [25]. Additionally, due to the 

formation of an oxide film, the beta phase disappeared (82°) [15]. 
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Figure 6. XRD pa�erns of S0, S3, S5, and S8. 

3.3. Electrochemical Corrosion 

Figure 7 presents the dynamic polarization curves of the base metal and welded joint 

before and after MAO treatment. Electrochemical parameters, such as corrosion potential 

(Ecorr), corrosion current density (Icorr) (corrosion rate), and the gradients of anodic and 

cathodic Tafel obtained, have been extracted from these curves and reported in Table 3. 

Icorr is calculated by selecting the Tafel zone to fit the polarization curve. The Icorr values of 

the welding joint (WJ) increase by an order of magnitude, whereas Ecorr decreases signifi-

cantly, suggesting significantly be�er corrosion resistance. The reason is that it is difficult 

for α’ martensite to form the passivation film, and the metal atoms at the grain boundaries 

are found in [26]. Furthermore, the WJ and BM regions form galvanic cells due to their 

potential differences to accelerate corrosion behavior [27]. After the MAO treatment, the 

self-corrosion potentials of the BM and WJ coatings increase significantly, but the self-

corrosion current densities decrease by two orders of magnitude. Obvious passivation is 

observed in the WJ coating, indicating that MAO improves the corrosion resistance of the 

joint. 
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Figure 7. Potentiodynamic polarization curves of S0, S4, S5, and S9 in the 3.5 wt.% NaCl solution. 
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Table 3. Fi�ing results of potentiodynamic polarization curves of S0, S4, S5, and S9. 

Samples Ecorr/V Icorr/A·cm−2 βa/mV·dec−1 βc/mV·dec−1 

S0 −0.482 1.08 × 10−6 1227.5 384.64 

S4 −0.733 1.14 × 10−5 812.69 1204.3 

S5 −0.234 9.33 × 10−7 3278.4 910.65 

S9 −0.463 6.76 × 10−7 864.44 450.31 

Figure 8a–c shows the Nyquist diagrams and Bode plots of the base metal and 

welded joint before and after MAO treatment. EIS data are obtained using the equivalent 

circuit presented in Figure 8d, which is in good accordance with experimental results and 

represented in Table 4. 

 

Figure 8. EIS plot of S0, S4, S5, and S9 in a 3.5 wt.% NaCl solution: (a) Nyquist plot; (b) impedance 

modulus diagram; (c) phase diagram; (d) Equivalent circuit diagram. 

Table 4. Fi�ing results of EIS curves of S0, S4, S5, and S9. 

Parameter S0 S4 S5 S9 

Rs (Ω · cm2) 21.85 42.51 29.02 31.81 

CPEp/1(Ω−1sncm−2) 1.45 × 10−5 5.09 × 10−5 1.63 × 10−6 8.17 × 10−6 

np/1 0.83 0.85 0.65 0.57 

Rp/1 (kΩ · cm2) 100.37 45.63 19.13 8.49 

CPE2(Ω−1sncm−2)   1.41 × 10−5 1.42 × 10−5 

n2   0.45 0.66 

R2 (MΩ · cm2)   1.95 × 107 1.39 × 107 

The coated samples (S5 and S9) possess obvious capacitive arcs with a much larger 

radius than S0 and S4. As shown in Figure 8b, S4 displays the lowest modulus of imped-

ance (|Z|) at a low frequency of around 10−1 Hz, indicating the poor protective perfor-

mance of the oxide layer. In contrast, both of the coated samples present higher values of 

|Z|, especially for the joint coating (S9), which is almost one order of magnitude higher 

than S4. Moreover, the coating integrity is evaluated by the phase angles (−θ) at higher 

frequencies, which are well associated with enhanced anti-corrosion performance. Evi-

dently, a larger phase angle is observed in the high-frequency range for the joint coating 

(S9), indicating that the deposited ceramic coating can effectively seal the defects and fur-

ther increase the surface compactness. Equivalent circuits were applied to fit the raw EIS 
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data, and the fi�ing results are listed in Table 4. In the equivalent circuits, Rs is the re-

sistance associated with the electrolyte solution; resistance Rp and capacitance CPEp cor-

responds to the oxide layer, R1, and CPE1 refer to the outer porous layer; and R2 and CPE2 

represent the inner compact layer, respectively. As shown in Table 1, the uncoated joint 

presents the lowest polarization resistance (Rp, approximately 4.563 × 104 Ω·cm2). It should 

be noted that the corrosion resistance of the coated substrates is primarily dominated by 

the performance of the inner compact layer. A higher R2 value (1.39 × 1013 Ω·cm2) associates 

to be�er anticorrosion performance.  

3.4. Stress Corrosion 

Figure 9 shows pictures of the compressed S4 and S9 after soaking in the acidic NaCl 

solution for 30 days. The color of S4 is dull, and no obvious cracks are observed, as shown 

by the red dashed circle in Figure 9a. Figure 9b shows partial detachment of the coating. 

 
Figure 9. Photographs of (a) S4 and (b) S9 immersed in the acidic NaCl solution for 30 days. 

Figure 10 shows the stress-corroded morphology of the welded joint. There are many 

microcracks. The large grooves in Figure 10h,I may arise from corrosion of the α’ marten-

site bundles. In the acidic NaCl solution, Cl− and H+ cause dissolution and rupture of the 

passivation film to produce pi�ing, and the high stress promotes the spreading of the pit-

ting to both sides, transforming into microcracks. Additionally, dissolution and hydroly-

sis result in acidification at the crack tip and produce a lower pH value at the tip. H+ is 

precipitated and absorbed by the cracked tip to form hydrogen [28,29]. The combined ef-

fects of tensile stress and hydrogen pressure formed around the crack tip promote crack 

propagation. Figure 11 shows the elements around the crack, and a large amount of Cl 

and alumina is observed to accumulate in the microcrack area. The existence of alumina 

is due to the oxidation reaction of solid solution elements. Table 5 shows the relationship 

between the chlorine content and cracks in Figure 10f, and as the crack size increases, the 

amount of Cl increases. 

 

Figure 10. Stress corrosion morphologies of (a–d) S3 and its partial enlargement, and (e–i) Mi-

crocracks in S3. 
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Table 5. Elemental concentrations of the three regions in Figure 10f (wt.%). 

Elements A B C 

Ti 90.74 75.65 76.19 

Al 6.14 7.49 4.65 

V 1.87 2.29 0.89 

O 1.25 12.91 14.96 

 

Figure 11. EDS maps of S3 with cracks: (a) original image; (b) Ti element; (c) Al element; (d) V 

element; (e) O element; (f) Cl element 

Figure 12 shows the corrosion morphology of S8. Figure 12a–c show that the outer 

loose layer delaminates extensively to expose the inner dense layer, and extensive pi�ing 

is observed from the coating. The outer layer has many cracks, showing a pa�ern as shown 

in Figure 12c,d. The initiation of microcracks can be observed at B in Figure 12d. In addi-

tion, two cracks end at point C. The formation of cracks at point B should be due to the 

stress concentration caused by micropores [30]. The integrated effects of tensile stress and 

corrosive media result in microcracks. The connection between the crack and other cracks 

should be the main cause of coating detachment [31].  

 

Figure 12. Stress corrosion morphologies of (a) S8, (b) locally enlarged inner layer in S8, (c,d) locally 

enlarged residual outer layer in S3. 
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A schematic illustration of the corrosion mechanism rendered by the WZ coating is 

displayed in Figure 13. Stress corrosion takes place in four stages. In the first stage, when 

the stress exceeds the yield limit of the MAO coating, a small amount of microcracks begin 

to form, and pi�ing forms at the notch. In the second stage, pi�ing evolves gradually into 

microcracks, and Cl- and H+ enter the interior of the coating along the cracks. H+ absorbs 

at the crack tip to form hydride. The combined effects of the tensile stress and hydrogen 

pressure around the crack tip promote crack propagation. In the third stage, the mi-

crocracks proliferate, accompanied by the formation of secondary cracks. The cracks that 

expand into multiple holes are interconnected to form a network, resulting in coating de-

lamination. Moreover, large amounts of Cl− and H+ enter the original defects in the coating 

and corrode the coating to form large cavities. The stress leads to coating cracking and 

spalling. In the fourth stage, a large area of the loose layer peels off and the dense layer is 

exposed to protect the substrate; owing to fewer defects, only pi�ing occurs. 

 

Figure 13. Schematic illustration of the corrosion mechanism of the WZ coating. 

4. Conclusions 

There are significant differences in the microstructures between the electron-beam-

welded joint and the base materials. After micro-arc oxidation (MAO), the phases of the 

MAO coatings in the BM and WZ regions are similar, mainly showing the rutile phase 

TiO2 and anatase phase TiO2. The coating structures in different regions are also similar, 

and the thickness of the coatings is around 10 µm. However, the joint coating is relatively 

dense and thick. Owing to the formation of metastable needle-like α’ martensite with high 

corrosion sensitivity in the joint, the corrosion potential (−0.733 V) is small and the self-

corrosion current (1.14 × 10−5 A·cm−2) is large. After MAO, the corrosion potential (−0.463 

V) increases and the self-corrosion current (6.76 × 10−7 A·cm−2) decreases by two orders of 

magnitude, demonstrating the enhanced electrochemical corrosion performance. Stress 

corrosion produces large cracks in the untreated joint, but after MAO, the loose layer of 
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the coating delaminates under the combined action of stress and corrosion, consequently 

exposing the dense layer for be�er corrosion protection. 
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