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Abstract  
Adhesion and corrosion protection are the main properties of epoxy 
coatings, especially when applied to materials exposed to harsh 
environments, such as chloride-containing water. However, the 
adhesion and corrosion protection of coatings are affected by 
surface preparation, especially the cleanliness of the substrate 
surface prior to coating application. Choosing the proper surface 
preparation can optimize the coating's capabilities. This research 
aims to evaluate the Effect of blasting process cleanliness on 
coating performance on the steel surface. The novel approach is to 
correlate NACE surface cleanliness standards with coating 
performance. In this study, A36 steel is used. The cleaning 
procedure uses an air-blasting process with an 8-bar nozzle 
pressure and at least 5 minutes of spraying time to meet the 
desired National Association of Corrosion Engineers (NACE) 
standard. The abrasive utilizing garnet with a mesh of 30-40. 
Meanwhile, coating is performed at room temperature using the 
airless spray method with a 90° angle, a distance of 25 cm from the 
substrate and the nozzle, and a nozzle speed of 300 mm/s. The 
gap in the coating process between the first and second layers is 24 
hours. The results showed that surface preparation influenced the 
coating's pullout strength and corrosion performance. The pullout 
strength test demonstrated that NACE 2 provided the highest 
pullout strength. Likewise, corrosion rate testing showed that 
surface preparation affects the corrosion rate, with NACE 1 
providing the lowest corrosion rate (the best corrosion protection).  
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INTRODUCTION 

The hull represents the most significant 
structural component of a ship. The hull is the 
ship's watertight covering that safeguards the 
cargo hold, machinery, and accommodations 
from the detrimental effects of weather, flooding, 
and structural damage [1]. The hull, regardless of 
the material employed, must be adequately 
resilient to withstand the complete spectrum of 
loads encountered over a ship's operational 
lifespan [2, 3, 4]. A36 steel is widely used in ship 
hulls today. ASTM A36 steel is a low-carbon steel 

that exhibits favorable strength and deformation 
properties. However, A36 steel has a weakness, 
particularly in terms of corrosion resistance. 

The hull surface is a ship's part that is 
more susceptible to corrosion than other parts. In 
addition to corrosion, marine microorganisms can 
readily grow on surfaces, leading to fouling [5]. It 
is imperative that these factors be managed and 
that maintenance be conducted regularly to 
prevent hull damage [6].  

Corrosion in maritime environments poses 
significant risks to the integrity and longevity of 
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ships, primarily due to the interaction between 
seawater and the metallic materials used in ship 
construction. This interaction can lead to various 
forms of corrosion, including pitting, crevice 
corrosion, and microbiologically influenced 
corrosion [7][8]. The economic impact of 
corrosion is substantial, as corrosion-related 
issues can incur costs far exceeding the direct 
costs of prevention and mitigation strategies [9].  

The corrosion process in ship materials, 
particularly in aluminum alloys and steel, is 
influenced by environmental factors and the 
presence of microorganisms and Chloride ions. 
For instance, the presence of saltwater increases 
electrochemical activity, thereby accelerating 
corrosion rates [10]. Additionally, 
microorganisms, such as certain bacteria, can 
exacerbate corrosion by altering local chemical 
environments and accelerating electrochemical 
reactions [11]. These microbial activities can 
initiate localized corrosion, including pitting and 
galvanic corrosion, through anodic and cathodic 
reactions facilitated by biofilms [12]. 

Various protective methods are employed, 
including the application of organic coating to 
combat corrosion processes [13][14]. Studies 
demonstrate that these coatings not only prevent 
corrosion at flaws but also form protective layers 
that remain effective even under extended 
exposure to corrosive environments [15][16]. 
Coating is defined as the process of applying a 
protective layer to a base material (substrate) to 
prevent corrosion and provide additional 
protection [17]. Coatings used in the maritime 
sector must demonstrate resistance to a wide 
range of environmental factors, including 
seawater, brackish water, harbor water, and dirt 
[18].  

One principal function of organic coating is 
to form a barrier that limits the ingress of water 
and corrosive ions, such as chlorides and 
sulfates, which are known to promote corrosion 
[19][20]. Bonding between epoxy coatings and 
metal substrates is a persistent issue, as 
insufficient adhesion can lead to delamination. 
Surface roughening has demonstrated the ability 
to augment bonding strength between coatings 
and substrates, hence enhancing corrosion 
resistance. Likewise, applying primer coats can 
improve the interface by prepping the substrate 
surface, thereby enhancing adhesion. This 
procedure is categorized as surface preparation, 
defined as any technique utilized to ready a 
surface for coating [21]. Before applying the 
coating, it is essential to remove all residual oil, 
grease, dirt, rust, and other contaminants from 
the surface through surface preparation. Surface 
preparation can be achieved using a high-

pressure cleaning apparatus or water blasting 
[22]. Blast cleaning is the act of cleaning a 
surface with abrasive particles (jets). Blasting is 
an effective method for removing contaminants, 
debris, corrosion, and old coatings [23]. 
Meanwhile, abrasive particles commonly used 
include sand; other fine materials, including 
copper slag, shot, glass, metal, dry ice, garnet, 
and coconut shell or plant fragments, can also be 
employed [24].  

Research specifically focuses on models 
that quantify the cleanliness attained through 
blasting, and its relationship with coating 
performance is limited [25]. Although standards 
such as ISO 8501-1 and the National Association 
of Corrosion Engineers (NACE) provide visual 
guidelines for surface cleanliness, they do not 
offer measurable models for cleanliness levels in 
terms of adhesion strength or corrosion 
resistance. Moreover, existing research focuses 
solely on the influence of surface roughness on 
paint-substrate adhesion, but little is known about 
the effects of cleanliness on coating bond 
strength and corrosion [26, 27, 28, 29]. No 
research was found that discusses the Effect of 
cleanliness on the specific A36 steel material. 

The novelty of this research lies in 
examining the corrosion properties of A36 steel 
and the pullout strength of the epoxy applied to 
its surface as a function of surface cleanliness 
prior to coating. The cleaning procedure impacts 
the cleanliness itself during garnet blasting. 
Moreover, corrosion characterization employs a 
new quantitative approach, potentiodynamic 
polarization, which measures the corrosion rate 
and material nobility to assess anodic 
characteristics, rather than traditional methods 
such as weight loss and visual assessment.  
 
METHOD 
Material 

The substrate employed in this 
investigation was A36 carbon steel, characterized 
by a chemical composition of 0.26% C, 0.29% Si, 
1.05% Mn, 0.04% P, and 0.07% S, with iron as 
the balance (wt.%) supplied by Krakatau Steel. 
Before the cleaning process, the steel is soaked 
in seawater to produce rust, so that it resembles 
the material used on a ship's hull. Meanwhile, the 
epoxy coatings employed in this study were 
formulated with polyamides and zinc particles. 
The epoxy coat was supplied by International 
Coating, AkzoNobel, the Netherlands, and the 
zinc particles were supplied by Sigma-Aldrich, 
which are 99% zinc oxide. Meanwhile, the NaCl 
solution for the corrosion test was prepared by 
adding scientific-grade NaCl (High purity) 
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supplied by Merc, USA, to Demineralized Water 
with 3.5% wt.  
 
Methods 

The research process is illustrated in 
Figure 1. Prior to the application of the coating, 
the A36 was dimensionally cut to 20 cm x 10 cm 
x 0.5 cm and subjected to abrasive blasting using 
garnet dry blasting, followed by comparing the 
blasting result with the NACE cleanness standard 
to obtain the desired surface cleanness 
according to various cleanness standards (NACE 
1, NACE 2, NACE 3, NACE 4). The processes 
are then followed by rinsing the substrate with 70 
wt.% ethanol. The pressure for garnet blasting is 
8 bar, with garnet of mesh size 30-40. The 
spraying angle is 90° with a distance of 30 cm. 
Spraying time is at least 5 minutes to achieve the 
desired NACE standard. 

The research process was then followed 
by the preparation of the epoxy coating, which 
was created by combining epoxy coating and 
polyamide hardener in a mass ratio of 4:1 and 
mixed with 5% wt. of zinc powder. The coating 
application on the A36 substrate follows the next 
step. The epoxy was applied using a coating film 
applicator, whose basic mechanism is airless 
spray. The coating process is performed at room 
temperature using the airless spray method at a 
90° angle, with a distance of 25 cm and a nozzle 
movement speed of 300 mm/s. Samples were 
kept at room temperature for 24 h after the first 
coating was applied, and then another layer of 
epoxy was applied on the first Layer. The 
samples were left at room temperature (25 °C) 
for 7 days before undergoing the Pullout test, 
Corrosion Test, and optical observation. 
Meanwhile, coating thickness was measured in 
wet and dry conditions using a PosiTector® 6000 
from Defelsko.  

The pullout test was performed on all 
specimens using a PosiTest AT-M from Defelsko, 
in accordance with ASTM D4541, and the test 
mechanism is shown in Figure 2. Meanwhile, the 
corrosion test was conducted using Palmsens4® 
potentiodynamic polarization based on three-
electrode electrochemical cells (ASTM G3-14 
standard), and the schematic diagram for this test 
is shown in Figure 3. 

The corrosion test measurements were 
performed in a 3.5 wt.% NaCl solution is at room 
temperature with Ag/AgCl as the reference 
electrode and Pt as the counter electrode. The 
Scanning rate was set at 1 mV/s, and the 
potential scan range was from +1.2 V to -1.2 V. 
Meanwhile, the equivalent weight of the tested 
A36 steel is 27.92 g/mol, and the density is 7.95 
gr/cm3.   

 
Figure 1. The research flow diagram 

 

 
 

Figure 2. Pullout test Mechanism (ASTM D4541) 
 

 
Figure 3. Potentiodynamic Test (ASTM G3-14) 
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RESULTS AND DISCUSSION 
Coating cleanness   

The blasting results are illustrated in Figure 
4, derived from executing the blasting procedure 
until the target standard is attained by comparing 
the results with the established NACE criteria. 
This study employs four NACE standards: NACE 
1, NACE 2, NACE 3, and NACE 4, which 
correspond to the specimens utilized. 

The visual comparison indicates that the 
degree of surface cleanliness varies with the 
intensity and duration of the blasting treatment. 
The results indicate that blasting can achieve 
near-complete removal of rust and contaminants, 
especially at NACE 1 and NACE 2 levels. These 
higher cleanliness standards ensure an optimal 
surface profile for coating adhesion and corrosion 
resistance. 

 
 

 
 

 
 

 
Figure 4. Blasting result of the specimen 

compared with the NACE standard 
 

However, for lower cleaning standards 
(NACE 4 and NACE3), some residual rust and 
oxides remain, potentially affecting the 
performance of protective coatings. Blasting's 
ability to meet NACE 1 and NACE 2 standards 
suggests its suitability for high-performance 
coating applications. 

 
Coating thickness 

The Coating thickness of the epoxy is 
shown in Tables 1 and 2. The epoxy coating 
thickness data for A36 steel reveal a well-
controlled and consistent application process 
across the different surface preparations. The 
data show that both layers of the epoxy coating, 
applied with a wet thickness of 200-250 µm, 
achieve relatively consistent dry thicknesses 
across all specimens. In particular, the dry 
thickness of Layer 1 ranges from 140 µm to 148 
µm, while that of Layer 2 ranges from 157 µm to 
163 µm. 

These slight variations are expected and 
reflect the normal variability in the curing process 
of epoxy coatings. Despite the differences in dry 
thickness between the layers and across surface 
preparations, the final average thickness values 
are very consistent. The final thickness ranges 
from 300 µm to 305 µm, with a mean thickness of 
303.25 µm and a minimal standard deviation of 
2.04 µm. This indicates that the epoxy coating 
process is highly uniform, with only minor 
differences between the specimens, likely due to 
slight variations in surface roughness resulting 
from different surface preparations. Surface 
preparation does influence the dry thickness to 
some extent. For example, NACE 4 has the 
highest dry thickness for Layer 1 (148 µm), while 
NACE 1 has the highest for Layer 2 (163 µm). 
However, these differences do not significantly 
affect the overall coating thickness. The minimal 
variation in the final average thickness across 
specimens suggests that, regardless of the 
surface preparation method used, the epoxy 
coating achieves a similar overall thickness. 

 
Table 1. 1st Layer 

No. 
Spc 

Surface 
Prep. 

1st Layer 

Wet 
thickness 

(µm) 

Dry 
thickness 

(µm) 
STD 

1 NACE 4 200.0-250.0 148.0 0.816 

3 NACE 3 200.0-250.0 140.0 1.633 

4 NACE 2 200.0-250.0 143.0 1.414 

5 NACE 1 200.0-250.0 140.0 1.632 

1 NACE 4 200.0-250.0 148.0 0.816 

 
 
 
 

STD NACE 4 Specimen 1 

STD NACE 3 Specimen 2 

STD NACE 2 Specimen 3 

STD NACE 1 Specimen 4 
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Table 2. 2nd Layer 

No. 
Spc 

Surface 
Prep. 

1st Layer 

Wet 
thickness 

(µm) 

Dry 
thickness 

(µm) 
STD 

1 NACE 4 200.0-250.0 157.0 0.942 

3 NACE 3 200.0-250.0 160.0 1.414 

4 NACE 2 200.0-250.0 162.0 1.632 

5 NACE 1 200.0-250.0 163.0 1.632 

1 NACE 4 200.0-250.0 157.0 0.942 

 
Pullout Strength 

The image of pullout test results is shown 
in Figure 5, and the pullout strength data is 
shown in Table 3. The pullout test strength data 
for the epoxy coating on A36 steel show varying 
adhesion performance depending on surface 
preparation technique. NACE 2 shows the 
highest pullout strength at 9.76 MPa, indicating 
superior adhesion, with 95% of failures occurring 
in the 2nd Layer, suggesting a strong bond 
between the 1st Layer and the substrate. In 
contrast, NACE 4 had the lowest pullout strength 
of 6.79 MPa, with failure predominantly in the 1st 
Layer, suggesting weaker adhesion between the 
1st Layer and the metal substrate. 

 

 
 

 
Figure 5. Post pullout of sample surface: a) 

NACE 4, b) NACE 3, c) NACE 2, d) NACE 1. 
 

Table 3. Pullout Strength results 

SPC 
No 

Surface 
Preparation 

Pullout 
Strength 

(Mpa) 
STD CV 

Note 

(Pulled Part) 

1 NACE 4 6.79 0.141 2.08% 
1st = 70% 

2nd= 30% 

2 NACE 3 7.89 0.107 1.36% 
1st = 45% 

2nd = 55% 

3 NACE 2 9.76 0.104 1.07% 
2nd = 95% 

Y/Z = 5% 

4 NACE 1 7.07 0.095 1.34% 
1st = 35% 

2nd = 65% 

NACE 1 and NACE 3 exhibit moderate 
bond strength, with pullout strengths ranging 
between 7.07 MPa and 7.89 MPa, and a similar 
pattern of failure predominantly in the second 
Layer (55-65%), indicating that the bond between 
the first Layer and the substrate was stronger in 
these cases. The data underscores the 
importance of adequate surface preparation, with 
roughening techniques like those used in NACE 
2 leading to enhanced adhesion and improved 
performance of the epoxy coating through 
stronger interlocking mechanisms. At the same 
time, other methods resulted in weaker layer 
bonding and lower overall strength. It should be 
noted that, even though the roughness is high, 
such as NACE 3 and NACE 4, it is also important 
to pay attention to the cleanliness of the blasted 
surface. Even with high roughness, if there are 
still impurities such as rust on the surface, they 
will reduce the pullout strength by forming a 
weakness point at the impurity site. The 
illustration of this phenomenon is shown in Figure 
6. 

The statistical data show that NACE 2 
yields the highest pullout strength (9.76 MPa), 
outperforming NACE 4 by +43.7%, with a low 
Coefficient of Variation (CV) (≈1.07%): an 
indication that moderate‑to‑high cleanliness with 
a preserved anchor profile optimizes the balance 
of cleanness and interlocking. The failure mode's 
shift to the second Layer (95%) for NACE 2 
further indicates that the coating–metal interface 
is affecting the coating performance. 

 
Corrosion test 

The potentiodynamic polarization results 
for the test are shown in Figure 7. This graph 
shows the relationship between current density 
and potential differences during the corrosion 
process.  

The data reveal which specimen corrodes 
first. The level of ease of corrosion of a material 
is called the degree of nobility. Noble materials 
tend to be more difficult to corrode. In 
potentiodynamic polarization testing, this is 
indicated by the corrosion potential value.  

Materials with a more positive corrosion 
potential tend to be noble, meaning they are 
more difficult to corrode. 

 

 
Figure 6. Illustration of coated surface A36 steel 
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From the data, materials with a high level of 
cleaning tend to be less prone to corrosion, and 
vice versa. Cleanness also affects the corrosion 
rate, as shown in Figure 8, where the most 
significant corrosion rate occurs in materials with 
a low level of cleanness, namely NACE4. At the 
same time, the lowest corrosion rate occurs at 
the highest level of cleanliness, namely NACE 1. 
The corrosion rate results in NACE 1 is 0.006 
mm/yr. 

Meanwhile, the corrosion rate in NACE 4 is 
0.056 yr. When sorted from fastest to slowest, 
the corrosion rates are NACE 4, NACE 3, NACE 

2, and NACE 1. This is in line with the previous 
theory that if the surface preparation improves, 
the corrosion rate will be better (slower) [30]. 

This phenomenon is possible because in 
cleaner materials, inclusions can be minimized. 
Inclusions in epoxy make it more susceptible to 
chloride-containing electrolytes, which can trigger 
corrosion. This phenomenon is illustrated in 
Figure 9. In areas where epoxy contains 
inclusions, the epoxy thickness may be reduced, 
thereby reducing its insulation against the 
electrolyte and allowing the electrolyte to reach 
the A36 steel substrate easily.   

 

 
Figure 7. Potentiodynamic polarization data of coated A36 Steel 

 

 
Figure 8. Corrosion rate of epoxy-coated A36 Steel 
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Figure 9. Electrolyte penetration in the epoxy coating scheme 

 

 
Figure 10. Corrosion processes after epoxy breakdown 

 
This inclusion could also serve as a path 

for the electrolyte, as the area around it is the 
weakest point through which it can enter. Figure 
10 illustrates the corrosion process that occurred 
in A36 steel after the epoxy breakdown process. 
In A36 steel, the main composition that occurs in 
corrosion is Fe, and the corrosion itself involves 
two primary half-reactions: oxidation and 
reduction. The oxidation half-reaction, referred to 
as the anodic reaction, involves the breakdown of 
the ferrous phase as follows: 

 
Fe → Fe2++2e-  (1) 

 
According to the following, the electrons 

generated by the anodic reaction are consumed 
by the reduction half-reaction, also known as the 
cathodic reaction: 

 
½O2+H2O+2e- → 2OH-  (2) 

 
The total reaction can be written: 

 
Fe+½O2+H2O → Fe(OH)2  (3) 

 
Meanwhile, the chloride ions engage with 

iron, and subsequently hydrolyze into 

hydrochloric acid, intensifying the corrosion 
process and producing Fe (OH)2  

 
FeCl+ 2H2O → 2HCl + Fe(OH)2  (4) 

 

In the presence of oxygen and water, 
Fe(OH)2 undergoes oxidation to transform into 
Fe(OH)3, as illustrated in the following reaction. 
Fe(OH)3, commonly known as hydrous ferric 
oxide, is the substance that forms rust, exhibiting 
a colour range from orange to reddish-brown. 

 
2Fe(OH)2 + H2O + ½O2  → 2Fe(OH)3  (5) 

 
The epoxy coating can be broken down by 

chlorine through a process called osmotic 
blistering. This creates an electrochemical cell 
with a pit (anode) on the inside and a cathode on 
the outside. As corrosion spreads, the area inside 
the hole becomes acidic and positively charged, 
while the surrounding area is negatively charged. 
This causes Chloride ions to move into the pit, 
lowering the pH of the solution inside it. This 
speeds up the corrosion rate in the pit and leads 
to pitting corrosion [31]. 

The corrosion rate trend decreases 
monotonically from NACE 4 to NACE 1; 
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compared to NACE 4 (0.056 mm/year), NACE 1 
decreased to 0.006 mm/year (−89.3%). There is 
a powerful negative relationship between surface 
cleanliness and corrosion rate (Spearman ρ = −1, 
p = 0.0417 one-tailed; p = 0.0833 two-tailed, 
exact test), where ρ is a monotonic relationship ( 
-1 represents a perfect negative monotonic 
relationship, indicating that when the rank of one 
variable increases, the rank of the other variable 
continuously and perfectly decreases. The ranks 
of the variables change in the exact opposite 
order (from lowest to highest). This pattern is 
consistent with a monotonic decline from NACE 4 
to NACE 1. Meanwhile, the final layer thickness 
was uniform (303.25 ± 2.04 μm; CV ≈ 0.67%), 
thus not impacting the primary outcome.  

 
CONCLUSION 

The surfaces prepared to the NACE 4 
standard exhibited the highest dry layer thickness 
in the first Layer, while NACE 1 showed the 
greatest thickness in the second Layer. However, 
the overall variation in layer thickness between 
the specimens was minimal, indicating a 
consistent application process. In terms of 
adhesion strength, the pullout test results showed 
that the NACE 2 standard provided the highest 
pullout strength, followed by NACE 3 and NACE 
1, while NACE 4 showed the lowest. This 
suggests that more rigorous surface preparation, 
as seen with NACE 2, led to stronger bonding 
between the coating layer and the substrate. 
Additionally, corrosion testing indicated that 
better surface preparation correlated with a lower 
corrosion rate. The NACE 1 standard specimen 
produced the best (lowest) corrosion rate, while 
NACE 4 exhibited the worst results. This finding 
confirms that improved surface preparation slows 
down the corrosion rate on A36 steel coated with 
epoxy coating. Proper surface preparation not 
only enhances adhesion but also provides 
effective corrosion protection. The best pullout 
strength is provided by material cleaned 
according to the NACE 2 standard specimen; 
meanwhile, for corrosion resistance, it is provided 
by the NACE 1 standard specimen. This research 
can inform ship maintenance protocols and 
optimize coating strategies for marine 
applications, especially in construction projects 
using A36 steel and organic coatings. 
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