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Mechanistic Studies of Atmospheric Corrosion Behavior of 
Al and Al-based Alloys in a Tropical Marine Environment
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Abstract: Atmospheric corrosion behavior of pure Al 1050A, 5A02 and 6A02 aluminum alloys exposed 
to a tropical marine environment for 4 years was investigated. Synergetic effect of Cl- deposition rate and 
time of wetness resulted in an abnormal increase in weight loss and a significant fluctuation in corrosion rate. 
Pitting corrosion occurred on the three metals. Pits on 5A02 alloy were easy to initiate and inclined to propagate 
laterally to form higher corrosion area and shallower corrosion pits, while pits on 6A02 alloy presented the 
opposite appearances. This was further confirmed by the cyclic polarization experiments. 
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1  Introduction

Aluminum and its alloys have been widely used 
in the shipbuilding industry because of the increasing 
demands for lowering the weight of different ships due 
to the increase of their sizes or generally increasing the 
payload[1-3]. In those fields, aluminum alloys are usually 
exposed in outdoor marine atmospheres and they can 
be affected by different forms of corrosion such as 
pitting corrosion, intergranular corrosion or exfoliation 
corrosion, which may bring serious damage to the 
ships.

In general, the corrosive chloride ions and the 
high humidity are responsible for the corrosion attacks 
on aluminum in tropical marine atmosphere. As the 
chloride-containing particles deposit on the specimen 
surface, chloride ions are adsorbed on the Al-oxide film 
and break this layer. For pure Al, breakdown of the 

surface oxide may occur via one (or a combination) of 
the following mechanisms: (i) penetration of the oxide 
by chloride ions, (ii) thinning of the oxide by chloride 
ions or (iii) through flaws in the oxide at the nanoscopic 
level[4-7]. In respect to aluminum alloys, microgalvanic 
elements form due to the presence of intermetallic (IM) 
particles which will promote the localized corrosion[7,8]. 
There have been many published works about the 
pitting corrosion of various kinds of aluminum alloys 
in NaCl solution in laboratory[7-11], while the same topic 
concerned on field exposure test is rather scare[12,13]. 
Therefore, understanding of the pitting corrosion of 
aluminum alloys in natural atmospheric environments 
is necessary for the practical application of aluminum 
alloys.

In this work, the atmospheric corrosion behavior 
of Al-Mg series aluminum alloy 5A02 and the Al-
Mg-Si series alloy 6A02, which are widely used for 
ship building[14,15], in contrast with pure Al 1050A was 
investigated. The corrosion rate was determined by the 
weight loss method and the effect of environmental 
conditions on the corrosion kinetics was analyzed. 
The pitting corrosion behavior of the three metals was 
discussed based on the filed exposure results and the 
laboratory cyclic polarization experiments. 

2  Experimental

2.1  Materials preparation
Chemical compositions of the aluminum alloys 
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are listed in Table 1. Samples with the dimension 
of 100 mm × 50 mm × 2.5 mm were used for field 
exposure tests. Prior to the tests, all the specimens 
were ground down to 800 grit and then degreased 
by acetone followed by cleaning in ethanol. All the 
specimens were weighed (w0) and the surface area (S) 
was measured before exposure. Then all the specimens 
were installed on a test rack with a inclination angle 
of 45° horizontal to the sky and facing south in Xisha 
Islands (112°20′E, 16°50′N), 100 meters from the 
coastline. The test duration was 4 years. Four replicate 
metal samples were retrieved from the exposure site 
after 1, 3, 6, 9, 12, 24 and 48 months. Three replicas 
were employed to determine the weight loss of the 
specimens, and the other one was used to analyze the 
corrosion morphology and corrosion products. 

2.2 Environmental conditions of the expo-
sure site 
Table 2 lists the environmental parameters and 

atmospheric pollutants measured at Xisha Islands 
during the exposure[16], as well as the atmosphere 
classifications based on ISO 9223[17]. The average 
temperature in Xisha marine atmosphere was 27 ℃ 
with the maximum temperature increasing up to 33.3 
℃ and the minimum temperature reducing to 20.1 
℃ which was also a relatively high temperature. The 
extreme relative humidity (RH) values oscillated 
between 61% and 94% with a mean value of 77%. 
Time of wetness (TOW), which is defined as the 
period during which a metallic surface was covered by 
adsorptive and/or liquid film of electrolyte, is another 
important factor that affects the corrosion behavior of 
metals in atmosphere. Schindelholz et al[18] summarized 
that the TOW determination methods represented in 

literature and practice could be categorized by the way 
in which TOW was treated – either as an environmental 
parameter or as a surface parameter. However, both 
kinds of methods including ISO 9223 and other 
indirect electrode sensors had their limitations[19-21]. In 
this work, the TOW was treated as an environmental 
parameter and was calculated according to ISO 
9223[17], which defines TOW as the time during which 
the RH of the ambient environment is greater than 
80% at temperature above 0 ℃. With this method, 
the approximate TOW in Xisha islands was 2562 h/
year which belonged to the classification of τ4

[17]. As 
for the corrosive species precipitated on the samples, 
the Cl- and SO2 deposition rates were considered and 
measured using the method given by ISO 9225[22]. The 
Cl- deposition rate was determined by the wet candle 
method and the SO2 deposition rate was determined 
using alkaline surfaces of porous filter plates saturated 
by a solution of sodium carbonate. According to the 
results, the annual average deposition rate of chloride 
was 112.68 mg/m2·d, which was classified to the S2

[17]. 
Meanwhile, the precipitation of SO2 was less than 
0.1 mg/m2·d and the rain had a near-neutral pH of 6.5 
because no heavy industry existed at the exposure site. 

Variation of chloride ion deposition rate and 
TOW% as a function of exposure time is given in Fig.1, 
in which TOW% means the ratio of TOW to the total 
time during one exposure period. It was worthwhile 

Table 1 Chemical compositions of pure Al 1050A, 5A02 and 
6A02 aluminum alloys

Alloy
Chemical composition/wt%

Fe Si Cu Mn Zn Mg Al

1050A 0.23 0.13 0.01 - - - bal.

5A02 0.25 0.5 0.03 0.4 - 2.4 bal.

6A02 0.5 0.9-1.2 0.26 0.2 0.2 0.5 bal.

Table 2 Climatic parameters and atmospheric pollutants of Xisha Islands during 4 years exposure

Exposure site Location Max. tempera-
ture/℃

Min. tempera-
ture/℃

Average tempera-
ture/℃

Max. RH/% Min. RH/% Average 
RH/%

Xisha 112°20′E, 16°50′N 33.3 20.1 27 94 61 77

TOW/(h/year) Rain/(mm/year) Cl- deposition rate 
/(mg/m2·d)

SO2 deposition rate 
/(mg/m2·d)

Sunshine
/(h/year) pH of rain Distance to sea/m

2 562 (τ4) 1 526 112.68 (S2) <0.1 (P0) 2 675 6.5 100

Fig.1  Variations of Cl- deposition rate and time of wetness 
(TOW) during the exposure test
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to note that the last three exposure periods, that was 
the exposure time from 12 months to 48 months, 
had a relatively higher Cl- deposition rate and TOW, 
which influenced the weigh loss and corrosion rate of  
aluminum alloys.
2.3  Weight loss measurement

Corrosion products of the withdrawn triplicate 
specimens were chemically removed by pickling in 
the solution (50 mL H3PO4 + 20 g CrO3 + 1 L H2O) for 
10 min at 80-100 ℃. After that, the specimens were 
rinsed with distilled water, dried in warm air and then 
weighed to obtain their final weights (w1). The weight 
loss was calculated as follows: 

                        (1)

where C was the weight loss of the metal due to 
corrosion (g/m2), w0 was the original weight (g), w1 
was the final weight (g) and S was the surface area 
(m2). The average corrosion rate of aluminum after 
exposure for different periods was calculated by using 
the equation in Ref.[23, 24]:

                     (2)

where Vn was the corrosion rate (g/m2·year), wn was the 
weight loss (g/m2), t was the exposure time (month), 
n was the period of exposure (n=1, 2, 3, 4, 5, 6 and 7 
referred to the sample exposed for 1, 3, 6, 9, 12, 24 and 
48 months, respectively).
2.4 Characterization of corrosion morp-

hologies
The corrosion morphologies of the exposed 

samples without corrosion products were observed by 
a scanning electron microscope (SEM, Quanta 250). 
The corrosion morphology without corrosion products 
taken by an optical microscope was processed by a 
binarization method to calculate the percentage of the 
corrosion coverage area.
2.5  Electrochemical measurements

Cyclic polarization curves were recorded in 
laboratory in 0.1 M NaCl solution to evaluate the 
pitting resistance of the three aluminum alloys. For 
all experiments a three-electrode cell was used, 
with a standard calomel electrode (SCE) being used 
as a reference electrode and a platinum counter 
electrode. All experiments were carried out on a 
CS350 electrochemical workstation at a constant 
room temperature of approximately 20 ℃. Cyclic 

polarizations were conducted by using an delay time at 
the equilibrium state of 60 min in order to stabilize the 
surface at open circuit potential (OCP). A polarization 
scan was carried out in the anodic direction, starting at 
300 mV/SCE more negative than OCP, at a scan rate of 
1 mV/s. The sweep direction was reversed at a limited 
threshold of 0.5 mA/cm2. From the cyclic polarization 
curve, pitting potential (Epit) and protection potential 
(Eprot) were obtained. To get reasonable values of these 
two parameters, the measurements were repeated more 
than ten times for a stochastic analysis.

3 Results

3.1  Weight loss and corrosion rate

Fig.2 shows the weight loss (a) and the corrosion 
rate (b) of pure Al and its alloys during the 4-year 
exposure in Xisha marine atmosphere. An increasing 
trend in weight loss consisting of two different 
segments is observed in Fig.2(a). The weight loss of 
the three metals increases slowly during the initial 9 
months of exposure, followed by a little faster augment 
until the end of the test. During the whole exposure 
periods, the weight loss of 5A02 alloy is lower than 
the other two metals. In the initial 12 months, the 
weight loss of 1050A and 6A02 is similar to each other. 

Fig.2  Weight loss (a) and corrosion rate (b) of pure Al 1050A, 
5A02 and 6A02 aluminum alloys during exposure in Xisha 
marine atmosphere for 4 years
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However, it increases faster for the 6A02 alloy than 
the 1050A from 12 month to 48 month, resulting in 
the highest weight loss value of the 6A02 alloy. For 
the three metals, corrosion rates are the highest in the 
first month, followed by a significant decrease and 
achieve the lowest value after exposure for 9 months. 
From 9 to 48 months, a slight augment followed by a 
decline in corrosion rate is observed. The fluctuation 
of corrosion rate in Fig.2(b) is in accordance with the 
results of Ma who revealed that the corrosion rates in 
marine environment manifested a so-called ‘‘Reverse 
Phenomenon’’ in which the average corrosion velocity 
firstly augmented, and then decreased, and again 
suddenly increased in a certain period[25]. This special 
behavior only occurs in marine environment because 
of the effect of chloride[26]. Classification of corrosivity 
based on corrosion rate measurement of standard 
specimens according to ISO 9223 has been used to 
assess the atmospheric corrosion of aluminum in some 
literatures[27-29]. In Xisha islands, the corrosion rate of 
1050A, 5A02 and 6A02 after exposure for 1 year is 
2.12, 1.57 and 2.01 g/m2·year, which belongs to the 
classification of C4, C3 and C4, respectively. 

3.2 Corrosion coverage 
To investigate the corrosion propagation of 

aluminum and its alloys in the marine atmosphere, 
corrosion coverage, which represents the percentage of 
the corrosion area, is calculated and shown in Fig.3. It 
can be seen that corrosion coverage percentage exhibits 
a similar trend with the weight loss as the exposure 
time extends, both of which take the ninth month as 
the turning point. It is worthwhile to notice that the 
5A02 alloy exhibits a higher corrosion coverage value 
than the 1050A pure Al, while that of the 6A02 alloy is 
lower than that of the 1050A during the whole exposure 
periods.

3.3  Corrosion morphology

Typical corrosion morphologies of 1050A after 
removing corrosion products are shown in Fig.4. A 
large number of shallow pits with a diameter less than 
5 μm are found on the alloy surface after exposure 
for 1 month (Fig.4(a)). Besides them, there are also 
some stable pits formed on other area (not shown). 

Fig.3 Corrosion coverage of pure Al 1050A, 5A02 and 6A02 
aluminum alloys during the exposure test

Fig.4 Corrosion morphologies of pure Al 1050A without 
corrosion products after exposure for (a) 1 month, (b) 6 
months, (c) 12 months  and (d) 48 months 

Fig.5  Corrosion morphologies of 5A02 aluminum alloy without 
corrosion products after exposure for (a) 1 month, (b) 6 
months, (c) 12 months  and (d) 48 months 

Fig.6  Corrosion morphologies of 6A02 aluminum alloy without 
corrosion products after exposure for (a) 1 month, (b) 6 
months, (c) 12 months and (d) 48 months 
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With the increase of the exposure time, some neighbor 
pits connect with each other and form a fringelike 
morphology as shown in Fig.4(b). By further increasing 
the exposure time, a noteworthy feature, which likes 
the filiform corrosion, is observed (Fig.4(c)). This is 
mainly attributed to the fluid electrolyte driven by 
gravity on the specimen surface. After 48 months, 
severe corrosion with large area corroded, accompanied 
by some isolated deep pits (Fig.4(d)).

Fig.5 shows the representative morphologies of 
5A02 aluminum alloy during different stages of the 
exposure tests. Pits around intermetallic precipitates, 
which are identified as Al(Fe, Mn) particles by EDS, 
are observed on the sample exposed for 1 month. As 
the exposure extends, corrosion expands to the adjacent 
area and covers a larger region (Fig.5(b)). With further 
increasing of the exposure time, serious corrosion 
damage occurred on the alloy as shown in Figs.4(c) 
and d, in which the surface oxides are peeled off like a 
disbonded coating. It is worthy to note that no deep pits 
like that in 1050 A (Fig.4(d)) are detected. 

Fig.6 shows the typical corrosion morphologies 
of 6A02 aluminum alloy during the exposure tests. 
After exposure for only 1 month, pits which are bigger 
than those formed on 1050A in Fig.4(a) are formed 
(Fig.6(a)). As the exposure time increases, the pits 
spread laterally and form deep holes on the specimen 
surface (Fig.6(b)). Further increasing the exposure 
time, those deep holes spread and connect to each other 
to form the ultimate morphology in Fig.6(d).
3.4  Cyclic polarization scans

In this section, pitting resistance of the aluminum 
and its alloys is evaluated by cyclic polarization (CP) 
curves. Fig.7 shows the CP curves of 1050A, 5A02 and 
6A02 in aerated 0.1 M NaCl solution. It can be seen 
that the anodic part of the CP curves of 1050A and 
6A02 aluminum alloy exhibits a distinct passive region, 
while the 5A02 alloy presents an active dissolution 
behavior. For 1050A and 6A02, the potential after 
which the anodic current has a sharp increase is 
identified as pitting potential Epit, and the potential 
at which the reverse scan intersects the forward one 
is regarded as the repassivation/protection potential 
Eprot. For 5A02 aluminum alloy, the onset of pitting is 
not visible since the pitting potential Epit coincides with 
the corrosion potential Ecorr, due to the O2-enhanced 
pitting corrosion[30]. As reported by Shibata and other 
researchers[31-33], Epit is a distributed parameter and the 
probability of Epit can be determined as: P(Epit < E(n)) = 
n/(N+1), where N is the total number of samples studied 

Fig.7 Cyclic polarization (CP) curves of pure Al 1050A, 5A02 
and 6A02 aluminum alloys in aerated 0.1M NaCl solution

Fig.8 The distributions of pitting potential of pure Al 1050A, 
5A02 and 6A02 aluminum alloys

Fig.9 Comparison of the pitting potential (Epit) and protection 
potential (Eprot) of the three metals

Fig.10 Bilogarithmic plots of data points from Fig.2(a) and the 
corresponding fitting results
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and n is the number of samples pitted at a potential E 
or lower[32]. The potential at P = 0.5 is a representative 
value of Epit for a given alloy. In this work, the same 
method is utilized and the corresponding cumulative 
distribution plot of Epit is shown in Fig.8. The 
distribution shown in Fig.8 is consistent with what 
has been observed in Al systems[14,32] and supports the 
view that Epit is a distributed parameter. The protection 
potential Eprot is also calculated using the same 
method and depicted in Fig.9 accompanied by Epit. It 
can be seen that the Epit decreases (shift negatively) 
successively in the order: 1050A > 6A02 > 5A02, 
while the Eprot decreases following the sequence: 5A02 
> 1050A > 6A02. 

4  Discussion

4.1 Corrosion kinetics of aluminum and its 
alloys in tropical marine atmosphere
In general, corrosion weight loss of metals 

exposed to the atmospheric environment follows the 
well-known bilogarithmic equations:

C=Atn                                 (3)

where C is the weight loss (g/m2), t is the exposure 
time (month) and A and n are constants. Townsend 
and Zoccola[34] have proposed a method to analyze 
corrosion data using linear regression analysis to fit a 
straight line on log–log plot by taking the logarithm of 
Eq. (3):

logC=logA+nlogt                  (4)

Fig.10 reproduces the results in Fig.2(a) by 
plotting the weight loss against the exposure time in 
log-log coordinates. It is obvious that the curves can 
be well fitted by two distinct lines, which take the 
ninth month as the turning point. This phenomenon 
was also observed on pure Al 1060 in our previous 
work[35]. The fitting results of the two linear segments 
are shown in Table 3, in which R represents the 
correlation coefficients. The slope of the fitting lines, 
n, is a significant parameter that can be considered as 
an indicator for the physicochemical behavior of the 

corrosion product layer and hence for its interactions 
with the atmospheric environment[36]. It is found that 
the slopes of the second segment are higher than 0.5 
while that of the first segment are lower than 0.5 for 
all the three metals. The n values depend on the metal 
concerned, the local atmosphere and the exposure 
conditions[36]. Here in this work, the higher n values 
of the second segment after exposure for 9 months 
are mainly attributed to the environmental variation 
especially the Cl- deposition rate and the TOW. As 
shown in Fig.1, after exposure for 9 months, the Cl- 
deposition rate improves noticeably and the TOW 
keeps a relatively higher value. Consequently, the 
metal surface is easy to form adsorbed thin electrolyte 
layer due to the formation of corrosion products 
and deposition of salt particles, which results in the 
acceleration of weight loss[23]. The fast increase of 
corrosion coverage area during this period (Fig.3) 
can also be explained by this inference. The existence 
of Cl- and electrolyte layer provides more chances 
to nucleate pits and thus leads to a higher corrosion 
area. It is worth to note that the n value of the second 
segment for 6A02 alloy is higher than the other ones, 
indicating that the 6A02 alloy is the most sensitive to 
Cl-[37].
4.2 Comparison of the corrosion behavior 

between the pure aluminum and its 
alloys
In tropical marine atmosphere, the synergetic 

effect of high Cl- deposition rate and high relative 
humidity provides favorable conditions for serious 
p i t t ing  cor ros ion .  For  a luminum a l loys ,  the 
electrochemical approach describes pitting corrosion in 
terms of nucleation events, metastable pitting and stable 
pitting[32, 38, 39]. In Figs.4-6, many metastable pits are 
observed in the initial exposure period. This is mainly 
attributed to the inhibition of wet-dry cycles to the 
stable pits formation. Certainly, some of them can grow 
continuously to form stable pits. Here in this work, all 
the three metals experience pitting corrosion during the 
exposure tests. But there exist some differences among 
them. Firstly, the alloy 5A02 has the lowest weight 
loss and the largest corrosion coverage, indicating that 

Table 3  Fitting results of the lines in Fig.10

Item
First stage Second stage

logC=logA+nlogt R2 logC=logA+nlogt R2

1050A logC=-0.142 7+0.329 9t 0.973 logC=-0.571 4+0.792 9t 0.980

5A02 logC=-0.353 1+0.372 2t 0.997 logC=-0.538 0+0.619 9t 0.936

6A02 logC=-0.319 3+0.532 6t 0.999 logC=-0.614 0+0.874 0t 0.937
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the alloy is the most sensitive to pitting initiation but 
insensitive to growth in depth. As shown in Fig.5, the 
pits incline to spread laterally to connect with each 
other, resulting in the flaking of the surface layer on the 
specimen. On the contrary, the alloy 6A02 presents the 
highest weight loss but the lowest corrosion coverage, 
meaning that the pitting nucleation rate is low but the 
pitting propagation rate is high. Once a pit generates on 
6A02 alloy, it tends to grow in depth and form a deep 
hole (Fig.6). The differences in corrosion of the three 
metals can be further confirmed by the CP results in 
Fig.7. For 5A02 aluminum alloy, the onset of pitting 
is not visible due to the O2-enhanced pitting corrosion, 
and the anodic Tafel slope is practically zero[30, 40]. In 
this case, the initiation of pitting corrosion is easy to 
occur under the natural state, which results in the higher 
corrosion coverage (Fig.3) and shallower corrosion 
pits (Fig.5). In comparison, the 6A02 aluminum alloy 
presents the most positive Epit value which verifies the 
difficulty of pit initiation and the most negative Eprot 
value which implies the poor repassivation kinetics of 
this alloy[40]. Therefore, pits in 6A02 alloy incline to 
grow in depth. 

5 Conclusions

Atmospheric corrosion behavior of pure Al 
1050A, 5A02 and 6A02 aluminum alloys in a tropical 
marine atmosphere was investigated in this work. 
Influences of environmental conditions on the corrosion 
kinetics and the pitting corrosion resistance of the three 
metals were discussed. The main conclusions were 
made as follows:

a) Weight loss of the three metals can be 
well fitted with two linear segments in the log-log 
coordinates, which is attributed to the variation of Cl- 
deposition rate and TOW.

b) Weight loss of the three metals decreases in 
the order: 6A02 > 1050A > 5A02, while the corrosion 
coverage area presents the opposite tendency.

c) Pits on 5A02 alloy are easy to initiate and 
incline to spread laterally to form higher corrosion area 
and shallower corrosion pits.

d) Pits on 6A02 alloy are difficult to initiate but 
easy to propagate in depth to generate lower corrosion 
area and deeper corrosion pits.
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