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	Abstract 

Adhesiveness and protection against corrosion are the main properties of epoxy coating, especially if the coating is applied to materials exposed to harsh environments, such as water containing chloride. However, the effectiveness of this coating also really depends on the painting process, especially the cleanliness of the substrate surface prior to coating application. Choosing the right surface preparation can optimize the coating’s capabilities. This research aims to evaluate the effect of the cleanness of the blasting process on the coating performance on the surface A36 steel. The blasting pressure on garnet blasting is 8 bar utilizing mesh 30-40 garnet, and the spraying angle is 90° with a distance of 30 cm. The spraying time is at least 5 minutes to the desired NACE standard. Painting is done at room temperature using the airless spray method with an angle of 90°, a distance of 25 cm, with a movement speed of 300mm/s with a gap of 24 hours between the first and second layers. The results showed that surface preparation influenced the paint layer thickness, where NACE 4 provided the highest thickness in the first layer. In contrast, NACE 1 yielded the highest thickness in the second layer. The pullout strength test demonstrated that NACE 2 provided the highest pullout strength, followed by NACE 3 and NACE 1, while NACE 4 resulted in the lowest adhesion strength. Likewise, corrosion rate testing showed that surface preparation affects the corrosion rate, with NACE 1 providing lowest corrosion rate. 
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INTRODUCTION (R: 31, G: 78, B: 121)
The hull represents the most significant structural component of a ship. The hull is the ship's watertight covering that serves to safeguard the cargo hold, machinery, and accommodations from the detrimental effects of weather, flooding, and structural damage [1].  The hull, irrespective of the material used, must be sufficiently robust to accommodate the full range of loads that it will experience during the course of a ship's operational lifetime [2][3][4]. Enhancing hull design with robust engineering principles also requires consideration of regulatory and safety standards, including those outlined by the International Maritime Organization (IMO). Compliance with these guidelines ensures that the vessels are capable of handling the stresses induced by operational loads, such as slamming during rough sea conditions, which can significantly impact structural integrity [5][6]. In practice, the hull must possess sufficient strength to withstand overloads or loads induced by abnormally high, huge, or steep waves, regardless of whether such loads are applied or disregarded carelessly. Steel is the most prevalent material utilized for the construction of ship hulls [7]. ASTM A36 steel plate is a low-carbon steel that exhibits favorable strength and deformation properties, which can be achieved through machine and welding processes. ASTM A36 steel plate is suitable for a number of applications, including construction, pipes, tanks, and shipbuilding materials. One disadvantage of ASTM A36 steel plate is its susceptibility to corrosion. However, this can be mitigated through the application of a protective coating or galvanization [8].

It is inevitable that each ship will exhibit a certain degree of surface roughness upon departure from the construction yard. This degree of roughness is referred to as the ship's permanent roughness. It will increase with the passage of time, contingent upon the efficacy of the measures employed to safeguard the ship from corrosion and the quality of maintenance undertaken when the vessel is moored [9]. The most common causes of increased roughness are corrosion and poor craftsmanship. An increase in surface roughness results in a reduction in the power, speed, and fuel efficiency of the vessel [10]. 

The hull is a surface that is more susceptible to corrosion than other parts. In addition to corrosion, marine microorganisms can easily grow on the surface, resulting in fouling [11]. It is imperative that these factors be managed and that maintenance be conducted on a regular basis in order to prevent hull damage [12]. 

Corrosion has been identified as a significant contributing factor in approximately 20% of all accidents in EU countries over the past three decades [13]. Corrosion-related failures are responsible for more than 20% of all aviation accidents. In 2016, the projected cost of corrosion worldwide was estimated at 2.5 trillion USD. In the United States and other major economies, a significant proportion of expenditure is allocated to corrosion-related repairs and upkeep. This statistic illustrates the necessity for meticulous and prudent attention to corrosion treatment in order to reduce the financial burden associated with less efficacious treatment options. The early diagnosis of corrosion can result in the reduction of maintenance costs and the prolongation of the service life of steel structures [14][15].

Corrosion in maritime environments presents significant risks to the integrity and longevity of ships, primarily due to the interaction between seawater and the metallic materials used in ship. This interaction can lead to various forms of corrosion, including pitting, crevice corrosion, and microbiologically influenced corrosion (MIC) [16][17]. The economic impact of corrosion is substantial, as corrosion-related issues can incur costs that are much greater than the direct expenses associated with corrosion prevention and mitigation strategies [18]. 

The corrosion process in ship materials, particularly in aluminum alloys and steel, is influenced by environmental factors and the presence of microorganisms and Chloride ion. For instance, the presence of saltwater increases the electrochemical activity leading to accelerated corrosion rates [18]. Additionally, microorganisms, such as certain bacteria, can exacerbate corrosion by altering local chemical environments and accelerating electrochemical reactions [17][19]. These microbial activities can initiate localized corrosion, including pitting and galvanic corrosion, through mechanisms such as anodic and cathodic reactions facilitated by biofilms [17][19].

To combat these corrosion issues, various protective measures are employed, include the application of organic coating [20][21]. Research indicates that these coatings not only inhibit corrosion at defects but also form protective layers that can remain effective even under prolonged exposure to corrosive environments [22][23]. Coating is defined as the process of applying a protective layer to a base material (substrate) to prevent corrosion and provide additional protection [24]. Coatings utilized in the maritime sector must demonstrate resistance to a multitude of environmental factors, including seawater, brackish water, harbor water, and dirt [25]. 

Organic coatings are a crucial method for providing corrosion protection to metals, particularly those used in aerospace and marine applications, where exposure to harsh environments accelerates degradation. One principal function of organic coatings 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 [26][27]. Surface roughening has been shown to enhance bond strength between coatings and substrates, improving corrosion resistance [26]. Similarly, the use of primer coats can help in achieving a more favorable interface by preparing the substrate surface, thus optimizing the adhesion mechanism [27]. This method can be associated as surface preparation, which is defined as any method employed to prepare a surface for coating [28]. Prior to the application of the coating process, it is essential to remove all residual oil, grease, dirt, rust, and other contaminants from the surface through surface preparation. The process of surface preparation can be achieved through the utilization of a high-pressure cleaning apparatus or the application of water blasting [29]. Blast cleaning is defined as the act of scraping the surface to be cleaned with jet particles (abrasives). Blasting is an effective method for removing contaminants, debris, corrosion, old paint, and coatings [30]. Sand is the most commonly utilized abrasive material; however, other fine materials, including copperslag, shot, glass, metal, dry ice, garnet, and coconut shell or plant fragments, can also be employed [31]. 

Despite the wide application of blasting techniques, there is limited research specifically addressing models that quantify the "cleanness" achieved through blasting and its correlation to coating performance. While standards such as ISO 8501-1 and National Association of Corrosion Engineers (NACE) provide visual guidelines for surface cleanliness, they do not offer quantifiable models for the degree of cleanliness in relation to adhesion strength or corrosion resistance. Existing studies primarily focus on the impact of surface roughness and coating thickness but overlook the specific effect of cleanliness.

In this research the novelty of cleanness model to quantify the blasting-induced surface conditions and analyze their impact on the adhesion strength and corrosion resistance of spray-coated ASTM A36 steel is developed. By systematically correlating surface preparation quality with coating durability, the study introduces a practical and scientific advancement that could lead to more effective maintenance strategies for marine structures and prolonged service life of ship hulls.

The cleanness of a blasted surface is known to influence the adhesion strength of coatings as well as the corrosion rate of the substrate. However, there is a gap in the literature regarding a systematic approach or model to measure and predict how varying levels of cleanliness directly impact these properties. In this study, therefore, proposes to undertake research aimed at developing a cleanness model based on the degree of cleanliness achieved through blasting, and its subsequent effect on the adhesion strength and corrosion rate of spray-coated ASTM A36 steel.

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.%) supply by Krakatau Steel. Before the cleaning process, the steel is soaked in seawater to produce rust so that the material can be like the material that has been used on the hull of a ship. Meanwhile, the epoxy coatings employed in this study were formulated with polyamides and zinc particles. Epoxy coat was supply by International Paint, AkzoNobel, Netherland and the zinc particle supply Sigma Aldric as 99% zinc oxide. 
The NaCl solution made by adding scientific grade NaCl (Hight purity) supply by Merc, USA with 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 cleanliness standards (NACE 1, NACE 2, NACE 3, NACE 4). The processes then followed by rinsing the substrate with 70 wt.% ethanol. The pressure on garnet blasting is 8 bar using garnet with a mesh of 30-40. The spraying angle is 90° with a distance of 30 cm. The spraying time is at least 5 minutes up to the desired NACE standard.

The research process was then followed by the preparation of the epoxy coating, which was created by combining epoxy paint 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 an airless spray. The coating process is done at room temperature using the airless spray method with an angle of 90° with a distance of 25 cm with a nozzle movement speed of 300mm/s. Samples were kept at room temperature for 24 h after 1st coating was applied, and then another layer of epoxy was applied on the 1st layer. The samples were left at room temperature (25° C) for seven days before going through the Pullout test, Corrosion Test, and optical observation. Meanwhile, the coating thickness was measured in wet and dry conditions, employing PosiTector® 6000 from the Defelsko instrument. 

Meanwhile, the corrosion test was conducted using Palmsens potentiodynamic polarization based on three-electrode electrochemical cells. These 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 1mV/s.   The pullout test was done for all specimens using PosiTest AT-M from the Defelsko instrument. 
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Figure 1. The research flow diagram
RESULTS AND DISCUSSION

Coating cleanness 
The blasting results are illustrated in figure 2, derived from executing the blasting procedure until the target standard is attained by compare 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 depending on 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. However, for lower cleaning standards (NACE 4 and NACE3), some residual rust and oxides remain, potentially affecting the performance of protective coatings. The capability of blasting to achieve NACE 1 and NACE 2 standards suggests its suitability for high-performance coating applications.
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Figure 2. Blasting result of specimen compare with NACE standard
Coating thickness
The Coating thickness of the epoxy is shown in Table 1. The epoxy coating thickness data for A36 steel reveals a well-controlled and consistent application process across the different surface preparations. The data shows that both layers of the epoxy coating, applied in a wet thickness range of 200-250 µm, achieve relatively consistent dry thicknesses across all specimens. In particular, the dry thickness for Layer 1 ranges from 140 µm to 148 µm, while Layer 2’s dry thickness 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 345.07 µm to 345.86 µm, with a mean thickness of 345.64 µm and a very small standard deviation of 0.33 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 achieves the highest dry thickness 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.
Pullout Strength
The image of pullout test results is shown in figure 3 and the pullout strength data is shown in table 2. Meanwhile, the pullout mechanism is shown in figure 4. The pull-out test strength data for the epoxy coating on A36 steel reveals varying adhesion performance based on surface preparation techniques. NACE 2 stands out with the highest pull-out strength at 9.76 MPa, indicating superior adhesion where 95% of the failure occurred in the 2nd layer, suggesting a strong bond between the 1st layer and the substrate. In contrast, NACE 4 had the lowest pull-out strength at 6.79 MPa, with failure predominantly in the 1st layer, pointing to weaker adhesion between 1st layers and metal substrate.
NACE 1, and NACE 3 exhibit moderate bond strength, with pull-out 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 effective surface preparation, with roughening techniques like those used in NACE 2 leading to enhanced adhesion and better performance of the epoxy coating, while other methods resulted in weaker layer bonding and lower overall strength. However, even though the roughness is high, it also needs to pay attention to the cleanliness of the surface being blasted. Even though the roughness is high, if there are still impurities such as rust on the surface, it will reduce the pullout strength, this happens as in samples that are blasted NACE 4.

	Table 1. Epoxy coating results

	    SPECIMEN NO

	SURFACE PREPARATION
	1st Layer
	2nd Layer
	Average Thickness

(µm)

	
	
	Wet thickness (µm)
	Dry thickness

(µm)
	Wet thickness

(µm)
	Dry thickness

(µm)
	

	1
	NACE 4
	200-250
	148
	200-250
	157
	345,7

	3
	NACE 3
	200-250
	140
	200-250
	160
	345,86

	4
	NACE 2
	200-250
	143
	200-250
	162
	345,71

	5
	NACE 1
	200-250
	140
	200-250
	163
	345,85
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Figure 3. Post pullout of sample surface a) NACE 4, b) NACE 3, c) NACE 2, d) NACE 1.
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Figure 4. Pullout Test mechanism

Table 2. Pullout Strength results
	SPECIMEN NO
	SURFACE PREPARATION
	PULLOUT STRENGTH
	NOTE

	1
	NACE 4
	6,79 Mpa
	1st = 70%

2nd= 30%

	2
	NACE 3
	7,89 Mpa
	1st = 45%

2nd = 55%

	3
	NACE 2
	9,76 Mpa
	2nd = 95%

Y/Z = 5%

	4
	NACE 1
	7,07 Mpa
	1st = 35%

2nd = 65%
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Figure 5. Potentiodynamic polarization data of coated A36 Steel
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Figure 6. Corrosion rate of epoxy coated A36 Steel
Corrosion test
The corrosion rate was tested using the potentiodynamic polarization method with the Palm Sens device. Potentiodynamic polarization tests are commonly used to evaluate the electrochemical properties of coated substrates in corrosive media, providing insights into corrosion resistance and the effects of coatings. The scan rate is choosing 0.008 V / s, start-stop potential +1.2 V to -1.2 V. The equivalent weight of the tested A36 steel is 27.92 g / mol and the density 7.95 gr / cm3. The potentiodynamic polarization results of the test is shown in figure 5. This graph shows the relationship between current density and potential difference during the corrosion process. With this graph, we can also determine which specimen is corroded first. The level of ease of corrosion of a material is called the degree of nobility. Materials that are more noble tend to be difficult to trigger corrosion. In potentiodynamic polarization testing, this is indicated by the corrosion potential value. Materials that have a more positive corrosion potential value tend to be noble, which means they are more difficult to trigger corrosion. From the data, it can be seen that materials with a high level of cleaning tend to be difficult to corrode and vice versa. Cleanliness also affects the corrosion rate as shown in figure 6. Where the greatest corrosion rate occurs in materials with a low level of cleanliness, namely NACE4. While the lowest corrosion rate occurs at the highest level of cleanliness, namely NACE1. The corrosion rate result at NACE 1 is 0.006 mm/yr, meanwhile the corrosion rate in NACE 4 is 0.056 yr. When sorted, the fastest corrosion rate to the slowest is NACE 4, NACE 3, NACE 2, NACE 1. This is in line with previous theory that if the surface preparation improves, the corrosion rate will be better (slower) [32]. 
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Figure 7. Electrolyte penetration on epoxy coating scheme
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Figure 8. Corrosion processes after epoxy breakdown
Those phenomena is possible because in cleaner materials, inclusions can be minimized. Inclusions in epoxy will make it more susceptible to electrolyte contain chloride ion entry, which will trigger corrosion. This phenomenon is illustrated in figure 7. In areas where epoxy contains inclusions, the thickness of the epoxy may be reduced, which will reduce the insulation capability of the epoxy towards the electrolyte, so that the electrolyte will easily reach the A36 steel substrate.  It is also possible that this inclusion could be a path for the electrolyte because the area around the inclusion is the weakest area for the electrolyte to enter.
Figure 8 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)
Menwhile, the chloride ions engage with iron, and subsequently hydrolyze into hydrochloric acid, intensifying the corrosion process and also produce 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 referred to as hydrous ferric oxide, is the substance known as 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 surface around the pit is negatively charged. This makes Chloride ions move into the pit and lowers the pH of the solution inside the pit. This speeds up the corrosion rate in the pit and leads to pitting corrosion [33]
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 revealed that the NACE 2 standard provided the highest pullout strength, followed by NACE 3 and NACE 1, while NACE 4 demonstrated the lowest adhesion strength. This suggests that more rigorous surface preparation, as seen with NACE 2, led to stronger bonding between the paint layer and the substrate. Additionally, corrosion testing indicated that better surface preparation correlated with a lower corrosion rate. The NACE 1 standard 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 paint. Proper surface preparation not only enhances adhesion strength but also provides effective protection against corrosion. The best pullout strength provides by material which is cleaned with NACE 2 standard, meanwhile for the corrosion resistance provide by NACE1 standard.
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