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Two commercial coating systems applied to aluminum alloy screw connections exposed naturally in a
tropical oceanic atmospheric environment were studied. The degradation process after different
exposure times was analyzed by a series of test methods: visual appearance, color change, gloss loss,
Surface FTIR and EIS. Our experimental results indicated that for the screw connection structure, the
joint area was not only more susceptible to corrosion, but also increased the inconsistency of the flat
area nearby. The protective ability of coating system 1 was superior to that of coating system 2. The
effective protective time of coating system 1 was about two years, while the coating system 2 was less
than one year.
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1. INTRODUCTION

Organic coatings have a wide range of applications for corrosion protection of metal structures,
especially in corrosive environments [1-6]. In engineering applications, the coating system usually
consists of multiple layers, including primer, finish, intermediate paint, and anodic oxide layer for
some metals substrate such as aluminum. In addition to many natural environmental factors such as
temperature, relative humidity, pollutants, and sunlight (especially ultraviolet radiation), the
degradation behavior of coating systems under natural exposure is bound to a very complex process [7-
10].

To evaluate the protective ability of coating systems, many kinds of research have been
conducted in laboratory artificial environments and natural exposure environments. However, the
correlation between laboratory tests and the results of natural weathering was often not strong [9, 11-
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13]. Although it is time-consuming to obtain degradation data, a natural exposure test can better reflect
the degradation performance of a coating system under practical application conditions. Thus, for
practical purposes, it is often necessary to study the degradation process of coating systems under
natural weathering [8, 10, 14-19]. Momber studied the performance and integrity of protective coating
systems for offshore wind power structures under offshore site conditions [8]. Jie Liu studied the
degradation behavior and mechanism of a polyurethane coating under atmospheric conditions in the
South China Sea and found that the degradation of the coating was caused by the C—N bond rupture
due to ultraviolet radiation [10].

Despite several kinds of research have been carried out toward the natural weathering of
coating systems, most of these studies were based on flat samples [9, 10, 14]. Unlike flat structures, the
joint area of a screw connection is not only more susceptible to corrosion, but may also further
increase the complexity and uncertainty of coating degradation in nearby areas [18]. As the screw
connection area is usually a weak spot for corrosion, which becomes one of the key factors to reduce
the service life of the aircraft structure, it is useful to research the degradation performance of the
coating system applied to aluminum alloy screw connections, especially in a natural exposed
environment [20, 21]. However, as far as we know, there were relatively few such studies. Thus, the
purpose of this paper is to study the corrosion degradation of coating systems applied to screw
connection under systematic research.

In the present study, two coating systems exposed for three years in a tropical oceanic
atmospheric environment were studied. The tested coating systems are two types of aircraft
commercial coatings used for the protection of aluminum alloy aircraft skin structures. The
degradation performance of the coating systems was investigated by color change, gloss loss, Fourier
transform infrared spectroscopy (FTIR), and Electrochemical impedance spectroscopy (EIS)
measurements. The degradation process of the two coating systems was compared. Based on the test
results, the degradation uniformity and protective ability of two coating systems applied to aluminum
alloy screw connections under tropical offshore platform exposure conditions were discussed and
evaluated.

2. MATERIALS AND METHODS

2.1. Materials and specimen preparation

The sample in this study is a screw connection structure with a joint area and a flat area, as
shown in Fig. 1. The metal substrate is made of 7B04 aluminum alloy through T74 heat treatment, and
the material of the fastener is 30CrMnSiA alloy steel, the main chemical compositions of which are
listed in Table 1 and Table 2, respectively. For surface treatment, the aluminum alloy substrate was
under anodizing treatment by sulfuric acid.
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Figure 1. Schematic drawing of the screw connection sample (with scale in mm).

Table 1. Chemical composition of 7B04 aluminum alloy matrix (wt.%).

Element Si Cu Fe Mn Mg Cr Ni Zn Ti Al

Mass % <0.10 1.4~ 0.05~ 0.20~ 1.8~ 0.10-0. <0.10 5.0~6.5 <0.05 Balance
20 025 060 28 25

Table 2. Chemical composition of 30CrMnSiA alloy steel fastener (wt.%).

Element C Si Mn Cr Ni Fe
Mass % 0.28~0.34 0.90~1.20 0.80~1.10 0.80~1.10 <0.030 Balance

Table 3. The main composition of tested coating systems.

System Primer Type Finish Type
code
Coating 1 Acrylic polyurethane Fluorinated polyurethane
Coating 2 Epoxy Polyurethane

Two commercial coating systems, commonly used for aircraft skin were investigated in this
study, labeled coating 1 and coating 2. Coating system 1 consisted of Acrylic polyurethane primer and
Fluorinated polyurethane finish, while coating system 2 consisted of Epoxy primer and Polyurethane
finish, as described in Table 3. The two tested coating systems differed only in composition, and the
dry thickness of both coating systems was about 80 pum.
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2.2. Methods
2.2.1. Offshore platform exposure

Table 4. Main environment factors at Wanning Test Station

Environment factor Value
Mean annual temperature (°C) 24.4
Mean annual relative humidity (%) 87
Annual precipitation (mm) 1515.0
Chloride deposition rate (mg/ m2.d) 38.8
Annual sunshine time (h) 2426.5

The natural weathering test was carried out in Wanning Test Station, located on the east coast
of Wanning City, Hainan province of China. The test environment is a tropical marine climate with a
typical high corrosion level, as shown by the main environmental factors listed in the table. 4. Natural
Exposure tests were facing south with a 45° exposure angle, as shown in Fig. 2. During the exposure,
the color change and gloss of the coating surface were measured and recorded at 1, 2, 3, 4, 5, 9, 12, 15,
18, 21, 24, 30, and 36 months. FTIR and EIS tests were carried out to evaluate the corrosion protection
ability of the coating system before exposure, and after nature weathering for one, two, and three years.

Figure 2. Physical photo of offshore platform exposure test site

2.2.2. Color change and gloss measurements

During natural exposure, three parallel samples were measured for color change and gloss. A
Spectro-guide Color-Guide instrument was applied for color inspection of the coating and the value
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AE* of color change parameter was calculated. The specular gloss of the coatings at an incident angle
of 60° was measured with a PG-1M Gloss Detector, and the rate of gloss loss was calculated.

2.2.3. FTIR measurements

The chemical structure changes in the flat area of the coating surface were studied by FTIR
measurement. The spectra were conducted by a Nicolet Nexus 470 Spectrometer (Thermo Electron
Corporation, USA), equipped with a diamond ATR unit in the range of 4000-400 cm ™.

2.2.4. EIS measurements

To better evaluate the protective ability of the coating in the flat area at a certain distance from
the screw point. a circular region with a diameter of 20 mm in the flat area, with a distance of 40 mm
from the nearest fastener was taken as the test area and exposed an approximately 3.14 cm? square
working area to the solution. For each sample, three similar test spots were selected for EIS
measurements.

A self-made fixture type electrolytic cell is used for EIS testing, and the coating on the edge of
the sample was polished to maintain an electrical connection. EIS measurements were performed by
using a Princeton PARSTAT 2273 electrochemical workstation, and a classical three-electrode system
was used in the experiment, with the coated sample acting as the working electrode, a 20 mm x 20 mm
platinum plate as counter electrode and the reference electrode was a saturated calomel electrode
(SCE). To increase the signal-to-noise ratio, EIS was conducted using an applied AC signal with an
amplitude of 20 mV versus the open-circuit potential. The frequency ranged from 10° Hz to 102 Hz at
ten points per decade of frequency. Before the test, the sample was immersed in a 3.5wt. % sodium
chloride solution for at least 20 minutes to achieve a relatively stable state and the electrochemical
experiments were performed in an indoor environment with a temperature approximately 20 °C. The
raw data of EIS were fitted by ZsimpWin 3.50 software.

3. RESULTS

3.1. Visual appearance results

The surface appearance of the two coating systems after different times of exposure is shown in
Fig. 3.

For coating system 1, as shown in Fig 3a, the overall coating system was in good condition
after 1 year of exposure. No apparent change of color in the coating surface was observed, there was
no obvious chalking in both the joint area and flat area and no screw corrosion occurred. After 2 years
of natural weathering, the images clearly showed that the integrity of the coating was compromised
especially in the joint area. More than half of the screws started to corrode. Besides, blisters appeared
in the vicinity of the corrosive screws in the joint area, and a small degree of chalking was observed in
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the flat area. At the end of the exposure (3 years), the coating system was severely damaged. Almost
all screws suffered severe corrosion. The blistering of the coating in the joint area was significant and
there was a tendency to spread to the flat area. The average thickness of the coating system in the flat
area was slightly reduced to about 75 pm, as a medium degree of chalking was observed on all samples.

0 year 1 year 2 years 3 years 0 year 1 year 2 years 3 years

Figure 3. Appearance observed of tested coating systems before and after outdoor exposure with 1, 2,
and 3 years (a) coating system 1; (b) coating system 2.

For coating system 2, a large degree of color change and gloss loss could be observed on the
coating surface only after one year of exposure, as shown in Fig 3b. As the natural exposure time
increased to two years, severe chalking occurred and the orange color of the finish gradually faded
away. Almost all screws suffered severe corrosion and loose corrosion products adhere to the screw
surface. At the end of the exposure (3 years), the coating system exhibited severe degradation. Parts of
the coating in the joint area was almost completely peeled off, and the metal matrix was severely
corroded. In the flat area, the orange color of the finish almost disappeared. the average thickness of
the coating system was reduced to about 40 um.

3.2. Color change results

The changes in appearance for the surface of two coatings systems were quite different. To
quantize and better understand the appearance change of the coating surface, the color change results
before and after different natural exposure times are presented in Fig. 4. The surface color change of
coating system 1 was not as obvious as the coating system 2.
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Figure 4. Color change results of tested coating systems before and after outdoor exposure with
different time (a) coating system 1 and (b) coating system 2

Fig. 4(a) displayed the color change of coating system 1 under different exposure times. During
the first 9 months of exposure, AE* values were all less than 1.5, which means the surface of the finish
was generally not discolored. When the natural weathering time increased to 12 ~ 21 months, the
coating system showed slight discoloration, with AE* values concentrated in 2 ~ 3. After 24 months of
exposure, the AE* values further increased but still less than 5, and the AE* value between 3.1 to 6
indicated that the coating system suffered a slight degree of discoloration [22].

As shown in Fig. 4(b), the surface of coating system 2 had undergone a large degree of color
change at a very early time of exposure. Only after 3 months of exposure, did the AE* values exceed
12, indicating a severe degree of discoloration [22]. After two years of exposure, the AE* value further
increased rapidly and even reached over 70 at the end of natural weathering. Such a large degree of
color change was due to the severe chalking of the coating, which corresponded to the disappearance
of the surface orange (Fig. 3(b) ) and thinning of the overall thickness of the coating system.

3.3. Gloss loss results

when paint or varnish deteriorates, some holes appear on the surface of the coating, and
gradually increase in number and volume. So the coating surface gradually becomes rough, resulting in
loss of gloss [10, 11, 23, 24]. Therefore, gloss loss is one of the key factors to evaluate the degradation
process of organic coatings and is sometimes used to estimate the service life of organic coatings under
service conditions [23]. In general, when the loss of gloss is less than 30%, this stands for a slight
degree of gloss loss. It becomes progressive with a value of more than 50%, and it can be considered
the coating is tarnished when the value of gloss loss reaches 80% [22].
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Figure 5. Gloss loss results of tested two coating systems before and after outdoor exposure with
different time

Concerning gloss loss results shown in Fig. 5, a similar trend between gloss loss and color
change was observed. The gloss loss of coating system 2 increased rapidly and reached about 90%
only after only two months of exposure, indicating the gloss of the coating surface was almost
completely lost at the beginning of the exposure. With the increase of exposure time, The gloss loss
value of coating system 1 gradually increased: less than 30% within the first 9 months of exposure,
about 40% to 60% with the exposure time from 12 to 21 months, and over 80% after 24 months of
exposure. After 2 years of outdoor exposure, the coating system 1 also suffered severe gloss loss.

3.4. Surface FTIR results

Depending on the amount of infrared radiation absorbed and the particular frequency of major
functional groups, infrared spectroscopy is a useful technique for identifying the groups in compounds.

Thus, the surface FTIR results can reflect the degradation mechanisms of the coating systems [2, 9, 24,
25].
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Figure 6. FTIR spectra obtained of tested coating systems before and after outdoor exposure with 1, 2,
and 3 years (a) coating system 1 and (b) coating system 2
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Table 5. Major IR band attributions of the tested coating systems.

Absorption frequency (cm-1) Band contribution
2928;2924 vas (-CHy-)
2854 vs (-CH2-)
1761;1683 v (C=0)
1601;1506 v (C=C in aromatic rings)
1526 3 (N-H)
1465;1457 o (-CH2-)
1375 0 (-CHa)
1243;1211 v (C-O in ester)
1075 v (C-F)
1030;1011 v (C-O-C)

Fig. 6 shows the surface FTIR results of two coating systems obtained at different times of
exposure. The absorption frequencies of major functional groups to the band attribution are
summarized in Table 5. The peaks at 2928/2924 cm™ and 2854 cm™ were corresponding to the
asymmetric and symmetric stretching vibration of -CH>- respectively, while the bands of -CH,- and -
CHs bending vibration were at 1465/1457 cm™ and 1375 cm™. The strong peaks at 1761/1683 cm™ and
1243/1211 cm™® were attributed to stretching vibration of C=0 and C-O in ester, respectively. It was
also obtained bending vibration of N-H at 1526 cm™. And the peaks at 1601 cm™ and 1506 cm could
be associated with C=C stretching vibration in aromatic rings, as well as C-F stretching vibration at
1075 cm'™. The peak at 1030/1011 cm™ could be determined by C-O-C stretching vibration [9, 24-26].

Compared to the surface FTIR results before and after a certain period for exposure (Fig. 6), t
the peak intensity for major functional groups of both coating systems had occurred to decrease.
However, the extent of variation of two coating systems was quite different, indicating the degradation
processes of the two coating systems were somewhat different. For coating system 1 (Fig. 6(a)), with
the increase of outdoor exposure time, the characteristic peaks such as C=0 at 1761/1683 cm™ and C-
O in ester at 1211 cm™ gradually decreased, but did not completely disappear even after three years of
exposure, indicating that the main functional groups of the fluorinated polyurethane coating were in a
process of gradual degradation. For coating system 2 (Fig. 6(b)), only after one year of exposure, a
significant change in the chemical composition of the coating could be expected. Except for the peak at
1030 cm™ might be contributed by pigments, almost every peak, such as C=C in aromatic rings at 1601
cm™ and 1506 cm™ disappeared directly. The major functional groups of polymer resin were seriously
damaged. A large degree of chalking occurred and small molecule products were gradually taken away
by wind and rainfall, resulting in the severe loss of gloss and thickness under natural exposure [10].
Compared with the polyurethane finish, it is obvious that fluorinated polyurethane finish is more
resistant to photoaging in the tropical marine atmosphere, as it is widely known that the anti-light

aging capabilities of a coating system are mainly reflected in finish.
3.5. EIS results
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3.5.1. Impedance modulus at 0.01 Hz

EIS is a powerful quantitative method widely used to study the corrosion behavior of electrode
systems [6, 27]. When studying the EIS results for an electrode system, the polarization resistance (Rp:
equal to the value of impedance modulus at 0 Hz by definition), an important parameter reflecting the
corrosion rate has often been discussed [28]. For complex organic coating systems, some researchers
use the impedance modulus at the lowest frequency ( usually 0.01 Hz) instead of Rp to evaluate the
overall protective ability of the coating system [11, 29, 30].

Fig. 7 shows the Impedance modulus at 0.01 Hz as measured by EIS for tested coating systems
after different times of exposure. The |Z|o.o1H, data under each experimental condition were obtained
from the same sample at three different test spots in the flat area. Before weathering, the |Z|o.01H. Values
were relatively constant, in the order of 10'° Q-cm? for coating system 1 and 10° Q-cm? for coating
system 2, demonstrating the initial coating systems had good uniformity at different test spots. After
exposure for a certain time, the |Z|o.o1H; Values at different test spots were somewhat different, and the
variation trend of the two tested coating systems was different. For coating system 1, the |Z|o.01Hz
values varied by about one order of magnitude at different test spots after exposure for one year. The
variation further increased by about two and three orders of magnitude, as the |Z|o.oiH; values for
different test spots were on the order of (108- 10'%) Q-cm? and (108-10°%) Q-cm? after exposure for two
and three years, respectively. For coating system 2, the |Z|o.01+. values were on the order of (10°-10°)
Q-cm?, 107 Q-cm? and (10°-10°%) Q-cm? with one, two, and three years of exposure, varied by about
one order of magnitude at different test spots.
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Figure 7. Impedance modulus at 0.01 Hz of tested two coating systems in 3.5 wt.% NaCl solution
before and after outdoor exposure with 1, 2, and 3 years

3.5.2. EIS analysis for the test spot with lowest |Z|o.01H; value

From the previous study, it can be found that for the same test sample, there existed variations
in the |Z|o.o1H; Values at different test spots. Among these test spots, the test spot with the lowest
|Z|o.01Hz value can better represent the weakest part of the coating system in the flat area. Thus, to
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investigate the degradation performance of the coating systems under the influence of exposure time,
in this section, the EIS result with the lowest |Z|o.011; Value was typically selected for further analysis
and research.

Fig. 8 and Fig. 9 show the typical EIS data in the form of Bode plots for the two tested coating
systems after different times of exposure. Different equivalent electrical circuits (EEC), shown in Fig.
10, were used in this study to analyze and quantify the EIS data.
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Figure 8. Typical EIS result for coating system 1 in 3.5 wt.% NaCl solution before and after outdoor
exposure with 1, 2, and 3 years (a) Bode phase angle plots and (b) Bode impedance modulus
plots.
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Figure 9. Typical EIS result for coating system 2 in 3.5 wt.% NaCl solution before and after outdoor
exposure with 1, 2, and 3 years (a) Bode phase angle plots and (b) Bode impedance modulus
plots

Before the outdoor exposure of the sample, the phase angle of the impedance was close to 90°
and the logarithm of impedance modulus and frequency was approximately a straight line over a wide
frequency range: 10°-10! Hz for coating system 1 as well as 10°-10° Hz for coating system 2. The
coating system can be viewed as a barrier with large resistance and small capacity. Thus, an EEC with
a one-time constant (Fig. 10(a)) was used to fit the EIS data [25, 31]. In this equivalent circle, Rs is the
resistance of solution, while Q¢ and Rc represent the coating capacity and coating resistance,
respectively. Pure capacitance was substituted by a constant phase element (Q) containing two
parameters, Yo, and n to compensate for the non-ideality of the actual electrode system.
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After exposure for a while, the electrode process of the coating system became much more
complicated, as the combination of the coating deteriorated with the sunlight and corrosive related
media such as H20, O, and CI" passed through the coating. A significant drop in impedance modulus
had occurred (Fig. 8(b) and Fig. 9(b)) and more than one peaks and troughs appeared in the Bode
phase angle plots (Fig. 8(a) and Fig. 9(a)). To better analyzed the coating system, EEC with three time
constants (Fig. 10(b)) was applied to fit these EIS data. And in this equivalent circle, the first two time
constants Q1 Ry and Q2 R> represented the two-layer structure of the coating system, finish, and primer
respectively, while the third time constant at the low-frequency region reflect the corroding
information of anodized layer and aluminum alloy substrate. Due to the transfer difficulty of corrosive
related media to the substrate and/or corrosion products away, a diffusion-controlled reaction
sometimes happened following the corrosion process of substrate. Under this circumstance, a Warburg
resistance (Zw) at the low-frequency region was added to the EEC to fit the EIS data, as shown in Fig.

10(c) [32, 33].

(a) Qc

1
R,
- R, R, R,
R, (©) 1 Q
g nia !
R, R, R; Z,

Figure 10. Equivalent electrical circuits (EEC) proposed to fit the EIS data in this study: (a) EEC with

one time constant; (b) EEC with three time constants; (c) EEC with three time constants and
diffusion characteristic.

7]

In this study, three kinds of equivalent electrical circuits (Fig. 10) were used to fit these EIS
data. The fitting data was also shown in straight lines in Fig. 8 and Fig. 9 and the fitting parameters of
two coating systems are listed in Table 6 and Table 7, respectively.

Table 6. Fitting parameters of the EIS data for coating system 1 after different exposure times.

Time Yo1/ Yoc R1/ Rc Yoz R> Yo3 Rs w
(year) (F-em2s™)  (Q:em?)  (F-em?%™)  (Q-em?) (F-em?s™)  (Q-em?)  (F-cm?s09)

4.26x101°  8.20x10%° - - - - -
1.55%x10° 4.24x10° 1.96x10°  2.77x10®8 5.51x10°  9.46x108 -
2.01x10° 1.81x10° 2.87x10°  1.47x10° 3.92x10°  2.73x10"  7.56x10°®
3.80%x10° 6.13x10° 4.94x10°  8.13x10°  1.19x10%  8.25x10° -

w N - O
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4. DISCUSSION

4.1. Degradation uniformity of tested coating systems

With the increase of exposure time, the uniformity of the tested coatings systems was damaged,
and the inconsistency of the samples was mainly reflected in two aspects. On the one hand, it showed
the difference in coating protective ability between the flat area and the joint area. On the other hand,
there were some differences in the degree of coating deterioration in the flat area.

The results in Fig. 3 indicated that the integrity of the coating was compromised in the joint
area. Compared with the flat area, the joint area of the samples was more susceptible to corrosion. This
result was also supported by Momber [18], as flange connections were critical structural parts in terms
of corrosion. Despite adequate coating protection applied to the screws, the joint area was still a
relatively weaker area of the whole structure. Water and erosive ions in the atmosphere were more
likely to penetrate the coating in this region and eventually induce corrosion and gradually spread to
the flat area [18, 20, 21]. Thus, it is useful to perform the local repair at the joint area promptly after
corrosion occurred near the screw spot during maintenance, which slowed the expansion of the
corrosion to the flat area and delayed large-scale corrosion of the whole structure.

The results in Fig. 7 indicated that there existed differences in the protective ability of the
coating system within the flat area, especially for coating system 1. And the variation of |Z|o.01H, Value
was about two and three orders of magnitude. After three years of exposure, the protective ability of
two test spots was poor while one test spot still maintained good protection. It could be inferred that
the joint area of a screw connection was not only more susceptible to corrosion, but also further
increased the inconsistency of degradation performance for the coating in the flat area nearby.
Therefore, to better evaluate the protective ability of an organic coatings system applied to a
connection structure, it is necessary to select the test point at multiple locations.

4.2. Protective ability analysis and evaluation of two tested coating systems

With the increased time of natural weathering, the degradation degree of the two tested coating
systems in flat areas was different. For coating system 1, before aging, the overall coating resistance
reached a value of 8.20x10%° Q-cm? (Table 6), presenting a good protective ability [19]. After one year
of exposure, the value of R was 4.24x10° Q-cm?, indicating the protective ability of finish was almost
exhausted. The value of Rz and Rs were 2.77x108 Q-cm? and 9.46x108 Q-cm? respectively, so it can be
inferred the primer and anodized layer were still able to provide effective protection for the aluminum
alloy substrate. When the weathering time reached two years, the value of R, decreased to 1.47x10°
Q-cm?, it can be considered the barrier ability of the primer became poor, while the anodized layer
may also be able to provide some protection to the substrate as the value of Rz was 2.73x107 Q-cm?.
After three years of exposure, the values of R1, Rz, and Rz were all below the magnitude of 10° Q-cm?,
as considered the protective ability of the whole coating system was losing [10, 34, 35]. For coating
system 2, only after one year of exposure, the values of R1, Rz, Rs were all below the magnitude of 10°
Q-cm?, as shown in Table 7, indicating the whole coating system had lost its protective ability. The
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values of Yo1 and Yo2 were one to two magnitude higher than that of coating system 1 under the same
exposure period, the larger values of coating capacity indicating the structure of coating were under
greater damaged, further confirmed that the coating system 2 was less resistance to light aging,
consistent with the results of FTIR spectra (Fig. 6).

Overall, the protective ability of coating system 1 was better than that of coating system 2, as it
was also testified by smaller values of AE* and gloss loss (Fig. 4 and Fig. 5), as well as larger |Z|o.01Hz
values (Fig. 7) with different time of exposure. Our results indicated that the effective protective time
of coating system 1 was about two years, while the coating system 2 was less than one year.

5. CONCLUSION

(1) During the natural degradation process of coating systems applied to aluminum alloy screw
connection, the joint area of the sample was much more susceptible to corrosion than the flat area.

(2) The joint area of a screw connection could further increase the inconsistency of degradation
performance for the coating in the flat area nearby. Therefore, it is recommended to select multiple test
points when evaluating the protection ability of the organic coating system for complex connection
structures.

(3) The protective ability of coating system 1 was better than that of coating system 2 under
natural weathering in a tropical oceanic atmospheric environment. The effective protective time of
coating system 1 for the flat area was about two years, while the coating system 2 was less than one
year.
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