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Abstract 

The current study was aimed to investigate anti-corrosion performance of multi-layer polymeric 

coatings applied on 6005A and 6082 aluminum alloys under influences of monsoon tropical climate 

in Thailand. The coated samples representing the material used for a vehicle body of high-speed train 

were exposed to actual atmosphere of urban (Bangkok City) and marine (Songkhla City) 

environments. The maximum duration of the continuous exposure test was 18 months. After 

completion of exposure test, the physical deterioration characteristics of coatings was examined with 

the aid of scanning electron microscopy (SEM). Electrochemical impedance spectroscopy (EIS) was 

conducted in 3.5 wt.% NaCl solution at 25C to evaluate the anti-corrosion coating performance after 

different exposure periods in atmospheric environments. Based on EIS results, the low-frequency 

impedance of the exposed coatings was higher than 109 cm2, meaning that the anti-corrosion 

coating could sufficiently protect the alloys against atmospheric corrosion attacks. However, the 

gradual degradation of anti-corrosion coating was also noted, particularly, when exposed at marine-

coastal environment. The quantitative estimation results indicated that the anti-corrosion coating 

used in the current research could last for approximately 8 and 11 years when exposed in marine-

coastal and urban environments, respectively. 

Keywords: atmospheric corrosion; anti-corrosion coatings; electrochemical impedance spectroscopy; 

tropical climate 

 

1. Introduction 

Weight reduction of high-speed rail (HSR) vehicles has raised a demand for light-weight 

materials usage in manufacturing [1]. Based on techno-economic advantages as compared with other 

light-weight materials, aluminum alloys, e.g. 5000-, 6000- and 7000-series, have been logically 

selected for manufacturing various engineering components of HSR vehicles, including the frame 

structures and body skins [2–4]. In addition to superior corrosion resistance, those aluminum alloys 

also provide outstanding fabricability. Regarding the HSR service conditions under climatic 

atmosphere, wet-dry-cycle atmospheric corrosion plays a vital role in causing premature failure of 

vehicle’s body and structure made of metals, including the aluminum alloys [5–7]. Therefore, 

corrosion protection is crucially applied to maintain service life of those components and structures. 

In atmospheric corrosion, an electrochemical reaction takes place due to the formation of 

electrolyte thin layer on metal surface. From a corrosion point of view, oxygen reduction is a 
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predominant factor to control the reaction rate of electron acceptance under an atmospheric corrosion 

process. Basically, oxygen migration from the surrounding atmosphere is strongly dependent on the 

thickness of electrolyte adlayer [8,9]. Oxygen migration is retarded by increased thickness of adlayer, 

resulting in deceleration of atmospheric corrosion attack. As the electrolyte layer thickness was below 

50 m, the electronic current generated through oxygen reduction increased, meaning that a 

corrosion reaction was accelerated [9]. 

A number and duration of wet-dry cycles can also accelerate atmospheric corrosion [8]. Climate 

contaminants such as chloride (Cl-) and sulfur dioxide (SO2) are quite crucial to accelerate 

atmospheric corrosion of aluminum alloys because of the formation of less compact and more soluble 

corrosion products [10,11]. 

In recent years, atmospheric corrosion behaviors of aluminum alloys were extensively studied. 

Cui et al. [12] conducted atmospheric corrosion study on 1050A, 5A02, and 6A02 aluminum alloys in 

tropical marine environment of China (Hainan province). It reported that wet-dry cycles caused 

meta-stable pit initiation and growth in different manners depending on a type of aluminum alloys. 

In case of 1050A alloy, meta-stable shallow pits were initiated during the first month of exposure, 

then became connected after 6-month exposure. 5A02 alloy indicated higher atmospheric corrosion 

resistance than 6A02 alloy. Pit initiation sites of 5A02 alloy were mainly found in the matrix in the 

vicinity of Al-Fe-Mn intermetallic particle. The formation of Al2CuMg anodic-type intermetallic 

particle along the grain boundaries has been found to increase the intergranular susceptibility of 2A12 

aluminum alloy exposed to atmospheric environment [13]. More noble intermetallic phases with 

respect to the matrix can remarkably accelerate corrosion attacks in the certain areas of aluminium 

alloy matrix [14]. L. Wang et al. conducted atmospheric corrosion study of 5083, 6063 and 7020 

aluminium alloys with 1-year exposure in Bangkok, Thailand [15]. It was revealed that 6063 alloy had 

the highest corrosion resistance followed by 5083 and 7020 alloys, respectively. Decreased corrosion 

resistance of those aluminum alloys was attributed to the formation of cathodic-type intermetallic 

phases, i.e. Fe-Si(Mn)-Al or Fe-Si-Al, which accelerated pitting corrosion of the aluminum alloy 

matrix. Other cathodic-type intermetallic phases such as AlCu2Mg and Al3Fe were also found in some 

aluminum alloys [16]. 

Smith et al. conducted atmospheric corrosion exposure test in Australia and reported that 

exfoliation corrosion was a major cause of metal loss only for 2090 aluminum alloy but not for 7075 

aluminum alloy. Corrosion rates of 2090 and 7075 alloys decreased significantly as compared with 

the exposure test results in the first year. After 4-year exposure, the maximum corrosion rates of 4.9 

and 0.92 m/year were obtained for 2090 and 7075 alloys, respectively. Sun et al. [18] investigated 

atmospheric corrosion of alclad and extruded 2024 and 7075 alloys. Their investigation results 

revealed that the corrosion rate of alclad alloys was much lower than that of extruded alloys. Weight 

loss of approximately 50 g/m2 was obtained for extruded 2024 alloy after 10-year exposure in Jiangjin, 

China. 

Regarding the corrosion protection of aluminum alloys during atmospheric exposure 

applications, the anti-corrosion coatings technique is widely adopted. In aerospace, the coating for 

protection of aluminum alloys exposed to harsh environment is typically based on a three-layer 

system consisting of a conversion coating, primer, and topcoat [19]. Epoxy-based primer is well 

known for corrosion protection due to its advantage dealing with leaching out soluble pigment into 

the materials defects and inhibition of corrosion progress. Although a topcoat layer can slow down 

the penetration of water and corrosive ions toward the substrate, those ions can gradually migrate 

through the coating over time and cause blisters or separation of the coatings. In automotive 

manufacturing, the three-layer coating system (e-coat + primer + topcoat) with a total dry film 

thickness of larger than 120 m was frequently recommended for corrosion protection of vehicles 

made of aluminum alloys [20]. 

Due a lack of technical information necessary for establishing a predictive maintenance program 

of HSR vehicles intendedly employed for mass transit in Thailand, the current study was aimed to 
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investigate the performance of anti-corrosion coatings applied on 6005A and 6082 aluminum alloys 

under actual influences of monsoon tropical climate of Thailand. 

2. Materials and Experimental Methods 

2.1. Material and Test Samples 

Anti-corrosion polymeric coatings consisting of epoxy primer and acrylic polyurethane topcoat 

were applied on 6005A and 6082 aluminum alloys rectangular coupons (70mm X 150mm X 6mm) 

using manual air spraying to obtain the desired specimens for atmospheric corrosion exposure test. 

The total thickness of coating dry film was approximately 160 m (80 m for each layer) after curing 

at 30C for around 16 hrs as schematically shown in Figure 1. 

 

Figure 1. Configuration and technical details of anti-corrosion coating for aluminum alloys. 

2.2. Atmospheric Exposure Test and Environmental Data Acquisition 

Atmospheric exposure test sites were in Bangkok and Songkhla which represent urban and 

marine-coastal environments as reported in Table 1. Urban environment and its corrosivity level 

based on carbon steel is categorized into C2 according to ISO 9223 [21]. Due to geography of the 

marine-coastal environment test site, its corrosivity is categorized as CX based on carbon steel 

classification. The maximum period of 18 months was designed for the atmospheric exposure test. 

Prior to conducting exposure test, the polymer-coated samples were rinsed by de-ionized water for 

removal of surface contaminants followed by sudden dry-off using compressed air. As the assigned 

exposure test period was completed, the exposed samples were carefully withdrawn from the test 

sites for subsequent materials characterization and testing. 

Table 1. Exposure test sites for atmospheric corrosion study of aluminum alloys. 

Province Env. characteristic 
Corrosivity category 

based on carbon steel  
GPS details 

Bangkok (BKK) Urban C2 1345’ (N), 10031’(E) 

Songkhla (SKA) Marine-coastal CX 1044’ (N), 10037’ (E) 

Relevant environmental factors, which can dominate atmospheric corrosion attacks, were 

monitored and recorded using commercial sensors throughout a period of exposure test at each test 

site. Ambient temperature (T), relative humidity (RH), and cumulative rainfall (RF) were mainly 

evaluated as the key climatic factors to influencing degradation characteristics of the exposed 

samples. In addition, chloride (Cl-) and sulfur dioxide (SO2) depositions were collected using 

respective dry gauze and PbO2 cylinder methods in accordance with JIS Z 2382 standard in order to 

determine the influences of climatic contaminants on degradation progress of the polymeric coatings 

and corrosion behaviors of the aluminum alloys substrate [22]. 
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2.3. Evaluation of Anti-Corrosion Coating Performance 

Electrochemical impedance spectroscopy (EIS) measurement was conducted using a 

potentiostat/galvanostat unit (Gamry 1010E) for determination of anti-corrosion performance of the 

polymeric coatings experienced environmentally induced degradation at different exposure test 

conditions. A sinusoidal potential perturbation was applied at an amplitude of 10 mV from open 

circuit potential (OCP) within a frequency range between 100 kHz and 10 mHz. EIS measurement 

was carried out in naturally aerated 3.5 wt.% NaCl solution at 25 C by using a conventional three-

electrode corrosion cell arrangement. The test sample acting as a working electrode with an exposed 

area of 12.56 cm2 to electrolyte was configurated. The reference and counter electrodes were Ag/AgCl 

and graphite, respectively. EIS data were captured during 7-day immersion test. Analysis and 

simulation of EIS impedance spectra were then carried out using pyZwx V. 1.03 software [23]. 

2.4. Polymeric-Coating Degradation Simulation by Salt Spray Test 

Comparing with the actual exposure test, which is resource consuming, accelerated salt spray 

test was carried out at 25 C for 1000 hrs. following ISO 9227 standard. The concentration of sprayed 

solution made of sodium chloride in deionized water was 50 g/l ( 5 g/l). After salt spray test 

completion, the anti-corrosion coatings performance of 1000-hour salt sprayed samples were 

evaluated using EIS measurement whose testing protocol was the same as described in Section 2.3. 

3. Results and Discussion 

3.1. Anti-Corrosion Coating Performance in Actual Climatic Atmosphere 

To evaluate the performance of anti-corrosion coatings applied on 6005A and 6082 alloys, EIS 

measurement was systematically carried out. The Nyquist and Bode plots of the unexposed samples 

are shown in Figure 2. Nyquist plots reveal incomplete semicircles due to capacitive behavior of the 

coatings. The size of such incomplete semicircles tends to decrease with increased immersion time, 

indicating moisture penetration throughout the coatings. From Bode plots, it reveals that the 

impedance modulus was continuously decreased with a slope of -1 as frequency increased. However, 

the impedance modulus at frequency of 100 mHz (Z0.1Hz) obtained from all test conditions is 

significantly greater than 106 cm2 , meaning that the coatings is still protective. 
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Figure 2. Nyquist and Bode plots obtained from EIS measurement of the unexposed samples: a) s of polymer-

coated 6050A (a) and 6082 (b) aluminum alloys. 

Figures 3 and 4 show Nyquist plots obtained from EIS tests on polymer-coated 6050A and 6082 

alloys, respectively, which were exposed to actual urban and marine-coastal environments for 6 

months. All the 6-month exposed samples reveal incomplete semi-circle arcs, implying that the 

protective coatings still performed and were not significantly deteriorated by climatic environment 

for 6-month exposure. Based on the EIS results, it clearly shows that the protective property of anti-

corrosion coatings was reduced by marine-coastal climatic environment rather than urban climatic 

environment. 

 

Figure 3. Nyquist plots obtained from EIS tests conducted with the 6-month exposed samples of polymer-coated 

6050A alloy in the urban (a) and marine-coastal (b) environments. 
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Figure 4. Nyquist plots obtained from EIS tests conducted with the 6-month exposed samples of polymer-coated 

6082 alloy in the urban (a) and marine-coastal (b) environments. 

To gain an insight into the protective property of anti-corrosion coatings, Bode plots in forms of 

phase shift and impedance modulus as a function of frequency domain are shown in Figure 5. The 

polymer-coated samples were exposed to urban and marine-coastal climatic environments with 

varied durations (18 months maximum). In principle, 0-degree phase shift represents a resistive 

response, while 90-degree phase shift indicates a capacitive response of the anti-corrosion coatings. 

As frequency increased, the impedance modulus decreased, whereas the phase angle was shifted 

from low to high. A drop of phase angle at low frequency indicated a resistive response of the anti-

corrosion coatings. At low frequency (10 mHz), the impedance modulus of approximately 1010 cm2 

with a phase angle of around 20 was obtained. At high frequency (100 kHz), the impedance modulus 

became as low as 105 cm2, and the phase angle was around 90. A change in impedance modulus 

and phase angle was considered minimal as the immersion time increased. The polymer-coated 6082 

alloy with 12-month exposure at urban environment only revealed the greatest decrease in 

impedance by almost an order of magnitude as compared during 7-day immersion test. However, it 

is interesting to note that the polymer-coated aluminum alloys with 18-month exposure at urban 

environment revealed their slightly increased impedance, and phase angle slightly shifted towards 

capacitive behaviors at low frequency when increasing immersion time during EIS measurement 

increased. This phenomenon might be due to inconsistency of the coatings which were manually 

applied. 
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Figure 5. Bode (impedance and phase angle) plots obtained from 7-day EIS measurement of polymer-coated 

6005A and 6082 aluminum alloys with 6-, 12-, and 18-month exposure periods in the urban environment (a – c 

and d - e for belonging to polymer-coated 6005A and 6082 aluminum alloys, respectively). 

The degradation behaviors of the anti-corrosion coatings affected by exposure duration together 

with climatic environment was evaluated from EIS low-frequency impedance response during 7-day 

immersion test in 3.5% NaCl solution at 25 C. The impedance response in a low-frequency region 

typically reflected the coating performance in terms of corrosion resistance, which gradually 

decreased as field exposure time elapsed for all the polymer-coated alloys. As shown in Figure 6, it 

was seen that the prolonged exposure time in climatic environment resulted in less capacitive 

response obtained, implying that more electrolyte remarkably migrated through the anti-corrosion 

coatings deteriorated by atmospheric environment [25]. The degradation of coating barrier property 

should be attributed to the penetration of corrosive species as well as UV radiation [26]. Regarding 

the climate factors, it seemed that marine-coastal environment could relatively impact on the 

remarkable degradation of anti-corrosion coating property with respect to urban environment, in 

particular, when the exposure time in climatic environment was greater than 12 months. In overall, 

it is worth to note that anti-corrosion coatings used in the current research could reveal their excellent 

performance to protect 6005A and 6082 alloys against atmospheric corrosion attacks in tropical 

climate of Thailand. 
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Figure 6. Low-frequency impedance, |Z|0.1 Hz, obtained from EIS tests with the polymer-coated samples under 

unexposed and exposed conditions for 6, 12 and 18 months in the urban (BKK) and marine-coastal (SKA) 

environments (7-day immersion). 

Equivalent electrical circuit (EEC) was used to simulate EIS spectra data for explanation of 

physical behaviors of the anti-corrosion coatings applied on 6005A and 6082 alloys. A generic model 

of EEC for polymer-coated metal was selected to fit the EIS impedance spectra as shown in Figure 7 

[25–29]. For more accurate fitting results with eliminating non-ideal capacitance, a constant phase 

element (CPE) was employed in relation to capacitive elements [25,27]. In the circuit, Rs represents 

electrolyte solution resistance. Rc and CPE1 represent the coating resistance and capacitive element, 

respectively, which are normally influenced by the existence of defects and porosity in the coatings. 

Rct and CPE2 represent the charge transfer resistance and double-layer capacitive element, which are 

normally used to evaluate electrochemical corrosion phenomena at the metal substrate/coating 

interface. Based on a CPE impedance equation, n (CPE-power) is varied between 0 and 1 (0  n  1). 

CPE behaves as pure capacitance if n value is 1. The fitted parameters obtained from simulation are 

summarized in Table 2. 

 

Figure 7. Equivalent electrical circuit model proposed to describe physical characteristics of the anti-corrosion 

coating on aluminum alloys. 
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Table 2. Equivalent electrical circuit parameters (M1: polymer-coated 6005A alloy and M2: polymer-coated 

6082 alloy). 

Sample 
Rc 

[ cm2] 

Rct 

[ cm2] 

CPE1 

F/cm2/Sn1 
n1 

CPE2 

F/cm2/Sn2 
n2 

M1BKK6m 2.25E+07 2.36E+10 1.15E-10 0.94619 2.63E-10 0.62873 

M1BKK12m 2.62E+06 8.24E+09 1.43E-10 0.94724 5.06E-10 0.62409 

M1BKK18m 4.22E+05 3.05E+09 7.15E-11 0.97779 6.47E-10 0.68209 

M2BKK6m 9.04E+06 1.82E+10 1.16E-10 0.94881 3.22E-10 0.62283 

M2BKK12m 3.19E+05 1.03E+09 1.52E-09 0.94796 4.80E-09 0.62517 

M2BKK18m 2.48E+05 4.02E+09 4.89E-11 1 5.10E-10 0.68063 

M1SKA6m 2.30E+06 5.99E+09 1.24E-10 0.94474 5.21E-10 0.62091 

M1SKA12m 6.73E+06 8.99E+09 1.71E-10 0.9247 4.16E-10 0.60702 

M2SKA6m 4.13E+06 1.30E+10 1.19E-10 0.94532 3.78E-10 0.63093 

M2SKA12m 2.54E+05 4.20E+09 1.00E-10 0.96498 6.51E-10 0.65148 

It clearly shows that Rc and Rct tended to decrease with prolonged exposure period in actual 

climatic environment. Rc decreased by almost two orders of magnitude when the anti-corrosion 

coating was exposed to climatic environment for 18 months. The most resistant coating was observed 

from the polymer-coated alloys exposed in urban climatic environment, followed by those exposed 

in marine-coastal climatic environment. Rct was much higher than Rc, meaning that corrosion 

promoters, e.g., moisture, oxygen, corrosive species, etc., were not available at the aluminum 

substrate/coating interface. Based on the impedance spectra and R-values, it was evident that the 

anti-corrosion coatings serve as a remarkable barrier protecting the substrate alloys underneath 

against atmospheric corrosion attacks. Low coating capacitance (CPE1) with a value of approximately 

1.0E-10 F/cm2/Sn1 and n1 value of almost 1 implied that a small amount of water uptake took place in 

the anti-corrosion coatings. Double-layer capacitance (CPE2) with a value of approximately 1.0E-10 

F/cm2/Sn2 and n2 value of around 0.6 indicated that some small areas of the substrate were exposed to 

environment due to exceptionally protective coatings. 

3.2. Service Life Prediction of Anti-Corrosion Coatings 

According to technical requirements of predictive maintenance scheduling for HSR vehicle 

structure and body, the performance of polymer-coated aluminum alloys in relation to service life 

was estimated from the time-dependent plot of low-frequency impedance at 100 mHz (|Z|0.1Hz.). 

|Z|0.1Hz basically represents the total impedance of solution, coating, and substrate/coating interface 

which can determine the protective property of anti-corrosion coatings [29]. Based the proposed 

criteria, the failure of anti-corrosion coatings is remarkable as its |Z|0.1Hz is lower than 106  cm2. 

Average |Z|0.1Hz values of the polymer-coated 6005A and 6082 alloys exposed at urban and marine-

coastal climatic environments were calculated and plotted against the exposure period as shown in 

Figure 8. The average value was applied here because the |Z|0.1Hz values were in the same order of 

magnitude. It was found that |Z|0.1Hz decreased exponentially with time. If the decaying function for 

the anti-corrosion coatings remained the same throughout their service life, projected time to reach 

|Z|0.1Hz of 106 cm2 would be 11 years for the polymer-coated aluminum alloys exposed at urban 

climatic environment and 8 years for those exposed at costal-marine climatic environment. Thus, the 

anti-corrosion coatings played a crucial role in extending the service life of 6000-series aluminum 

alloy applied in HSR vehicles manufacturing. 
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Figure 8. Average low frequency impedance of coatings as a function of time under unexposed and exposed 

conditions for 6, 12 and 18 months in the urban (BKK) and marine-coastal (SKA) environments (7-day 

immersion). 

3.3. Degradation Simulation of Polymeric-Coated Alloys Using Salt-Spray Test 

Comparing between the actual exposure test and accelerated salt spray test, it can be seen the 

salt spray test could potentially be employed to simulate the atmospheric corrosion behaviors of 

polymer-coated aluminum alloys under the most severe condition. As the EIS measurement of 1000-

hour salt sprayed samples carried out, Nyquist plots of polymer-coated 6005A and 6082 alloys 

immersed in the electrolyte test solution with a varied duration are shown in Figure 9. Incomplete 

semi-circle arcs were revealed for both polymer-coated samples. The radius of semi-circles tended to 

decrease as the immersion period increased, allowing more electrolyte penetrating through the anti-

corrosion coatings. The performance of anti-corrosion coatings on 6005A alloy was slightly better 

than that on 6082 alloy. As compared between the actual exposure test and accelerated slat spray test, 

|Z|0.1Hz values of the polymer-coated samples undergone 1000-hour salt spray test and 6-, 12-, and 

18-month exposure test in urban and marine-coastal environment are shown in Figure 10. Due to 

relatively high severity of salt spray test, it reveals that 1000-hour salt spray test could represent a 

degradation behavior of polymer-coated alloys when exposed in urban and coastal-marine 

environments for 18 and 12 months, respectively. 
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Figure 9. Nyquist plots obtained from EIS test conducted on polymer-coated 6005A (a) and 6082 alloy samples 

experienced 1,000-hour salt spray test. 

 

Figure 10. Low-frequency impedance (|Z|0.1Hz) obtained during 7-day EIS test of polymer-coated 6005A and 

6082 alloys experienced the exposure test in urban (a) and marine-coastal environment after exposure test . 

4. Discussion 

From systematic investigation in the current research, marine-coastal environment was more 

severe than urban environment to cause degradation of anti-corrosion coatings applied on the 6000-

series aluminum alloys. Based on corrosion protection perspectives, it was found that the commercial 

coating system consisting of epoxy primer ( 80 m thickness) and acrylic polyurethane topcoat ( 

80 m thickness) could provide excellent barrier property for the aluminum alloys against 

atmospheric corrosion attacks. EIS test results revealed that the low-frequency impedance, 

determined corrosion resistance property of the coatings, was around 1010 cm2 classified into a very 

high corrosion resistance category (impedance > 107 cm2) [28,29]. A slight degradation of the 
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coating represented by decreased impedance was observed as the exposure period to atmospheric 

environment elapsed. It was evident by CPE2 that there were migration paths for electrolyte and other 

corrosion promoters introduced during either coating application or atmospheric exposure or both 

to exist in the coating layer, which then allowed the aluminum substrate’s surface to be in direct 

contact with atmospheric environment. This suggested that the coating degradation/aging might be 

concerned when long-term exposure in tropical climate required. Based on the service life prediction, 

the anti-corrosion coating on the aluminum alloys could last for approximately 11 years long before 

repainting when exposed to service conditions in urban environment. Marine-coastal environment 

played a key role in reducing the service life of the anti-corrosion coatings by around 27% with 

respect to urban environment. To reduce the resources required for long-term exposure test in actual 

environment, salt spray test was potentially employed to simulate the degradation characteristics of 

anti-corrosion coatings. 

5. Conclusions 

Anti-corrosion performance of polymer-coated aluminum alloys was evaluated by long-term 

actual exposure test under tropical climate of Thailand with the maximum period of 18 months. From 

EIS measurement of the exposed test samples, it turned out that the anti-corrosion polymer coating 

revealed its sufficient performance to protect the 6000-series aluminum alloys against atmospheric 

corrosion under tropical climate influences. However, the gradual degradation of coating was noticed 

as the exposure period to atmospheric environment elapsed. It was predicted that the polymer 

coatings could last for approximately 11 years when exposed at urban environment. Exposure to 

marine-coastal environment caused a reduction of the coating service life by around 27% as compared 

with urban environment. Salt spray test served as an alternative to long-term actual exposure test for 

evaluation the anti-corrosion performance of polymer coatings applied to 6000-series aluminum 

alloys. 
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