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Abstract: In the realm of petrochemical and other industries, metal materials face threats such as impact 

and high-temperature electrochemical corrosion. Consequently, there has been significant attention 

towards organic coatings that effectively attenuate impact forces while simultaneously providing a 

barrier against corrosive agents. The thermosetting phenolic resin 2130, known for the facile curing 

process, exceptional thermal stability, water resistance, corrosion resistance, and superior mechanical 

properties post-curing, finds extensive applications in the field of coatings. To address the challenge of 

depositing a complete and uniform resin coating on complex workpieces, coatings with varying 

thicknesses on the surface of 304 stainless steel were deposited via rotary evaporation combined with 

long-term low-temperature drying. The relationship between coating thickness and mechanical 

properties, as well as corrosion resistance, was investigated and analyzed through a comprehensive 

approach involving mechanical testing, electrochemical analysis, and long-term service weight loss 

assessment. The results demonstrated that the coatings deposited on the metal surface exhibited 

excellent integrity and compactness. Moreover, an increase in coating thickness led to a significant 

reduction in material corrosion rate. The coatings exhibited excellent substrate adhesion and flexibility, 

thereby providing effective protection against impact on the metal substrate. The relationship between 

the thickness of the coating and the surface roughness was evident, while the flexibility of the coating 

first increased and then decreased with the increase of coating thickness. When the coating thickness 

was 7 μm, the maximum surface roughness of the coating measured 0.44 μm. Under these conditions, 

the impact toughness of the coating reached the peak, exhibiting a ductile fracture mode and showcasing 

superior comprehensive mechanical properties. The findings of this study will offer theoretical support 

for the investigation and formulation of resin coatings in subsequent industrial production. 
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1. Introduction 
The utilization of metal materials is frequently observed in diverse challenging industrial 

environments [1, 2]. Therefore, metal materials are exposed to various failure threats, encompassing 

physical failures such as external impact damage, and chemical failures primarily manifested as 

electrochemical corrosion [3, 4]. While improving the properties of the material itself, the preparation 

of protective coatings has also attracted much attention. Although the traditional corrosion-resistant hard 

coating provides effective physical protection after deposition, the presence of a conductive metal 

coating defect or damage can lead to the attachment of corrosive medium to exposed substrate areas. 

This creates an electric potential difference between the coating and substrate, resulting in the formation 

of a galvanic battery system in the solution that accelerates electrochemical corrosion [5, 6]. As material 

service temperature gradually increases, the rate of electrochemical corrosion significantly escalates. 

The consideration of finding a coating that is better suited for the current environment is imperative. The 

organic coating exhibits robust water resistance, exceptional corrosion resistance, and a high adhesive 

strength between the metal matrix and the hard coating, while also possessing a certain degree of 

flexibility [7-9]. Currently, the application of highly elastic resin coatings on metal surfaces represents  
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a remarkably effective approach to prevent both impact failure and corrosion in metals. Moreover, the 

utilization of resin coatings can significantly extend the service life of steel by more than several times 

[10]. 

When selecting organic coatings, epoxy resin and phenolic resin are the most frequently utilized 

options [11-13]. Both materials possess the same advantageous characteristic, namely their exceptional 

physical isolation performance, enabling the formation of a compact film on the metal matrix surface. 

This film effectively shields against corrosive substances such as water vapor and reduces direct contact 

between the metal matrix and the surrounding corrosive environment [14, 15]. In contrast to the intricate 

curing conditions of epoxy resin, phenolic resin exhibits rapid heat-curing capabilities within the 

temperature range of 170~200oC, it also can be slowly cured at ambient or slightly elevated temperatures 

while retaining excellent high-temperature resistance post-curing [16]. The phenolic resin coating is 

frequently applied to the external walls of boilers, oil and gas pipelines, and other high-temperature 

environments in practical production due to this characteristic. Through prolonged baking, the coating 

gradually solidifies into a film, effectively isolating corrosive mediums and alleviating the external 

impact, on the base material thereby providing effective protection. In the context of electrochemical 

corrosion protection, the extent of material corrosion is determined by the magnitude of current passing 

through it, with higher levels of corrosion resistance observed at lower internal currents within the 

material [17]. The phenolic resin exhibits robust dielectric properties and high internal resistance. Upon 

application as a coating on the metal substrate surface, it induces a significant increase in surface 

resistance, effectively mitigating the extent of electrochemical corrosion [18-20]. 

In recent years, the majority of research in phenolic resin coating has been focused on incorporating 

modified resins and filler additives to enhance the properties of the coating. However, the curing process 

of resin is highly intricate, and most studies solely concentrate on enhancing coating properties at a 

specific thickness without considering whether variations in resin coating thickness would impact the 

post-curing coating properties. The thermosetting phenolic resin 2130 was employed as the film-forming 

material in this study, while a rotary evaporation method was devised to address the challenge of 

achieving complete and uniform flexible resin coating on complex structural surfaces using conventional 

processes. Consequently, a dense phenolic resin coating with varying thicknesses was successfully 

fabricated on metal substrates. The present study examined the correlation between coating thickness on 

the substrate surface and the corrosion resistance as well as mechanical properties. 

 

2. Materials and methods 
2.1. Materials 

In this study, the thermosetting phenolic resin 2130 (Borun Refractory Materials Company, China) 

was the raw material for the coating whose molecular structure and properties are shown in Figure 1 and 

Table 1. Ethanol (C2H6O, Sinopharm Chemical Reagent Co. Ltd., China, 99.7 %) was used as the solvent 

of phenolic resin. The metal material was 304 stainless steel (Xinghui Metal, China). Acetone (C3H6O, 

Sinopharm Chemical Reagent Co. Ltd., China, 99.7 %) was utilized as a metal surface degreasing agent 

for the pretreatment of metal materials, while deionized water (H2O, Sinopharm Chemical Reagent Co. 

Ltd., China) was employed to remove any debris from the metal surface. 

 

 
 

Figure 1. Phenolic resin 2130 structural formula 
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Table 1. Properties of phenolic resin 2130 

Model Solid content moisture free phenol Viscosity(cp/25℃) 

Phenolic resin 2130 ≥70 ≤4 7-10 2000-3000 

 

2.2. Coating process 

A rotary evaporator (RE-52AA, Yarong, China) was used to deposit the phenolic resin coating on 

the surface of the metal matrix. Prior to the coating preparation, the metal surface underwent a 

meticulous sanding process ranging from 400 # to 800 # using sandpaper, followed by degreasing, 

ultrasonic cleaning, and subsequent drying. The phenolic resin solution was prepared using 90 vol% 

ethanol as the solvent and 10 vol% of thermosetting phenolic resin 2130 as the solute. The samples in 

the solution were preheated in a rotary evaporator at 60°C with 100 rpm for 10 min, followed by 

subsequent heating at 90°C for durations of 10, 20, and 30 min respectively. The coating was cured at 

60°C for 24 h in an oven (WHL-25AB, Taisite, China), resulting in the formation of phenolic resin dry 

films with varying thicknesses. The detailed coating preparation process is illustrated in Figure 2, while 

Table 2 presents the samples prepared using various process parameters. The surface and interface of 

the coatings were observed by a field emission scanning electron microscope (SEM, JSM-7800F, JEOL, 

Japan). 

 

 
Figure 2. Coating preparation process 

 

Table 2. Coating number corresponding process 
Sample Processing mode 

Coating 0 Original 304 stainless steel 

Coating 1 (60 ℃,100 rpm,10 min) + (90℃,100 rpm, 10 min) 

Coating 2 (60 ℃,100 rpm,10 min) + (90℃,100 rpm, 20 min) 

Coating 3 (60 ℃,100 rpm,10 min) + (90℃,100 rpm, 30 min) 

 

2.3. Mechanical property measurement 

The mechanical properties test of the phenolic resin coating was conducted to evaluate the flexibility, 

impact resistance, and adhesion. The test methods refer to GB/T 1731-93, GB/T 1732-1993, and GB/T 

9286-1998 respectively. In the flexibility test, the 304 stainless steel sheet coated with a protective layer 

underwent a 180° bend around shaft rods of varying diameters. After subjecting the coating to ten 

repeated bending cycles, the presence of fracture burrs along the edges was examined, and the minimum 

diameter of the shaft rod with intact coating was adopted as a metric for assessing the flexibility of the 

coating. During the impact resistance test, the coated sheet was positioned beneath the paint film 

impactor, and the hammer was elevated to varying heights in order to impart force onto the metal. The 

impact resistance of the coating was assessed by examining the extent of damage to both the coating and 

the substrate. In the adhesion test, 100 grids were drawn horizontally and vertically on the surface of the 
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coating at intervals of 1 mm. After applying the tape, it was repeatedly torn off ten times and the integrity 

of the coating at the grid edge was observed to assess its adhesion. 

 

2.4. Corrosion resistance test 

The corrosion resistance of the coating was evaluated using an electrochemical workstation 

(CS350H, Corrtest, China), with 3.5% NaCl solution as the corrosive medium. The three-electrode cell 

consisted of a saturated calomel reference electrode (SCE) filled with saturated KCl solution, serving as 

the reference electrode (RE), a platinum auxiliary electrode with an exposed surface area of 10×10 mm2 

acting as the counter electrode (CE), and the sample with an exposed surface area of 0.5 cm2 functioning 

as the working electrode (WE). To minimize error interference, the sample was immersed in a 3.5% 

NaCl solution for 20 min prior to the electrochemical test. Subsequently, the open circuit potential was 

maintained at 300s until reaching a stable potential. The frequency range for the electrochemical 

impedance test was set from 0.01 Hz to 105 Hz, and a sinusoidal perturbation signal with an amplitude 

of 10 mV was applied. The obtained test results were subsequently fitted using ZsimpWin. The high and 

low potentials of the potentiodynamic polarization curve were ±0.5 V relative to the open circuit 

potential while maintaining a scanning rate of 5 mV/s. Considering the diverse service environments, 

following GB/T 7901-1999, wet air hanging specimens were established at a temperature of 30°C and 

humidity of 80%, while soaking hanging specimens in a 3.5% NaCl solution. The weighing analysis was 

conducted at intervals of 100 h, while the formation of surface corrosion products was observed through 

electron microscopy. 

 

3. Results and discussions 
3.1. Curing of the coating and bonding with metal matrix 

The bonding mechanism between phenolic resin and metal matrix is commonly regarded as a 

combination of adsorption theory and mechanical interlocking theory. The hydroxyl group (-OH), which 

is a polar functional group in the elongated molecular chain of the resin, establishes a hydrogen bond 

with the hydroxyl group present on the oxide film of the metal surface. Simultaneously, upon curing, the 

resin solution establishes a mechanical interlocking structure within defects such as pits and cracks that 

penetrate the metal surface, thereby securely affixing the resin coating onto the metal matrix. The 

successful curing process, based on the aforementioned theories, necessitates the exceptional wettability 

of the resin solution with the metal matrix. Ethanol stands out as one of the most extensively employed 

organic solvents. The mixed alcohol-phenolic resin solution exhibited excellent metal matrix wetting 

properties. 

The phenolic resin attached to the metal surface and the curing reaction occurred during the drying 

process. The thermal curing reaction of the phenolic resin is highly intricate, with multiple concurrent 

curing reactions taking place. The condensation reaction between the active hydrogen on the ortho 

position of the benzene ring and the hydroxymethyl group in the long molecular chain of phenolic resin 

is exemplified in Figure 3, illustrating the process of intermolecular crosslinking and curing to form a 

three-dimensional network structure. 

 

 
Figure 3. The curing mechanism and structure of phenolic resin coating on metal surface 
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Figure 4 shows the cross-sectional and surface morphology of the coating after curing. It can be 

found that the rotary evaporation method combined with the low-temperature drying process yielded 

phenolic resin coatings of varying thicknesses, which formed a stable and compact film on the metal 

matrix surface. The corresponding coating thickness and surface roughness data are presented in Table 

3. 

 

 
Figure 4. SEM images of the cross-section and surface morphology  

of each coating:(a), (d) Coating 1; (b), (e) Coating 2; (c), (f) Coating 3 

 

 

Table 3. Thickness and surface roughness of each coating. 

Sample Coating thickness Surface roughness (Ra) 

Coating 1 2 μm 0.22 μm 

Coating 2 7 μm 0.44 μm 

Coating 3 10 μm 0.28 μm 

 

 

3.2. Analysis of mechanical properties of coatings  

3.2.1. Adhesion of coatings 

According to the National Standard GB/T9286-1998, a total of 100 grids were meticulously drawn 

both horizontally and vertically on the coated samples at precise intervals of 1 mm. Subsequently, an 

adhesive tape was meticulously affixed onto the coating surface and then delicately removed at the 

minimum possible angle. After undergoing ten repetitions of this process, it can be observed in Figure 

5b, d, f that the incision edges of coatings 1, 2, and 3 remained smooth and did not exhibit any signs of 

detachment after the ten tests. The adhesion between the coatings and the metal matrix was found to be 

excellent. As indicated in Table 4, all coatings exhibited a superior level of adhesion [21, 22]. 

 

 
Figure 5. Hundred grid test of each coating: (a), (b) Coating 1 test once, 

test ten times; (c), (d) Coating 2 test once, ten times; €, (f) Coating 

3 test once, test ten times 
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Table 4. Hundred grid test grade of each coating. 
Sample ISO Level ASTM Level 

Coating 1 0 5B 

Coating 2 0 5B 

Coating 3 0 5B 

 

3.2.2. Impact resistance of coatings 

As depicted in Figure 3, the phenolic resin undergoes a curing process to form a well-defined three-

dimensional network structure. The molecular chains are intricately intertwined with each other, 

resulting in the coating possessing excellent impact resistance and flexibility [23, 24]. The three-

dimensional network dispersed the impact force upon the metal matrix surface, thereby preventing stress 

concentration at a single location and effectively safeguarding the integrity of the metal matrix. The 304 

stainless steel (50×20×0.3 mm3) was coated with phenolic resin and the impact resistance of the coating 

was tested by the paint film impactor. In the experimental results, the value (kg·cm) obtained by 

multiplying the weight of the hammer (0.1kg) and the drop height (cm) was used as the index to evaluate 

the impact resistance. The state of the metal surface is shown in Figure 6, and the specific data is recorded 

in Table 5. 

 

 
Figure 6. Impact test of each coating at different heights: 

(a) Coating 0/70 cm; (b), (c) Coating 1/70 cm, 75 cm; 

(d), (e), (f) Coating 2/70 cm, 75 cm, 80 cm; (g), (h), (i) Coating 

3/70 cm, 75 cm, 80 cm 

 

Table 5. The matrix condition and impact pit depth of each coating 

after impact at different heights 

Sample 70 cm 75 cm 80 cm 

Coating 0 Rupture 1.60 mm / / 

Coating 1 Crack 1.65 mm Rupture 1.68 mm / 

Coating 2 Health 1.56 mm Crack 1.62 mm Rupture 1.80 mm 

Coating3 Health 1.56 mm Health 1.58 mm Rupture 1.76 mm 

 

During the descent of the heavy hammer, gravitational potential energy was transformed into kinetic 

energy, which impacted the metal surface with force. The results presented in Table 5 demonstrate a 

positive correlation between the increase in coating thickness and the corresponding increase in the 

critical height required for fracture initiation of the metal matrix by heavy hammer impact. The metal 

matrix was capable of absorbing a greater amount of impact kinetic energy when shielded by the 

protective coating. Taking the hammer height of 70 cm as an example, the depth of the impact pit on the 
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metal surface gradually decreased from 1.68 mm to 1.58 mm with increasing coating thickness. When 

the coating thickness increased from 2 μm to 7 μm, the impact resistance index of the uncoated matrix 

increased from 7 kg·cm to 8 kg·cm. However, further increasing the coating thickness did not result in 

any additional improvement in the impact resistance of the steel plate. 

 

3.2.3. Flexibility of coatings 

Phenolic resin coatings with different thicknesses were prepared on the 304 stainless steel sheets 

(50×10×0.3 mm3) and tested one by one for shaft rods with diameters from 10 mm to 1 mm according 

to the National Standard GB/T 1731-93. The phenolic resin coatings exhibited complete integrity after 

undergoing a 180° bending test with the minimum shaft rod diameter (1 mm) as demonstrated in Table 

6, without any cracks. On this basis, repeat the bending operation ten times. The coatings exhibit a 

smooth and intact surface without any cracks or damages, as depicted in Figure 7. 

 

 
Figure 7. Ten bending tests of the minimum rod diameter of each coating: 

(a) Coating 1; (b) Coating 2; (c) Coating 3 

 

Table 6. The minimum bending rod diameter and coating state of each coating 
Sample Minimum rod diameter One test coating state Ten tests of coating state 

Coating 1 1 mm Health Health 

Coating 2 1 mm Health Health 

Coating 3 1 mm Health Health 

 

Although the increase in coating thickness provided a protective function for the metal, it can be 

observed from Figure 8a, h that when the metal matrix of coatings 1 and 3 experiences breakdown, brittle 

fracture occurs within the coatings, causing detachment of surrounding coating layers from the matrix 

[25]. The impact height was gradually increased from 70 cm to 85 cm. It was observed that irrespective 

of the presence or absence of metal matrix fracture, coating 2 exhibited a strong bond with the metal 

matrix, and no signs of burrs or coating fragments were detected around the fractured metal. 

Furthermore, the bonding between the fractured coating and the metal matrix remained intact, indicating 

a ductile fracture mode for coating 2. 

 

 
Figure 8. The state of each coating after impact at different heights: (a) Coating 1/70 cm; (b), 

 (c), (d), (e) Coating 2/70 cm, 75 cm, 80 cm, 85 cm; (f), (g), (h) Coating 3/70 cm, 75 cm, 80 cm 

 

The curing shrinkage time of phenolic resin coatings varies with their thickness. The changes in 

curing shrinkage volume of phenolic resin form the depth of grooves, which was manifested in the 

roughness of each coating surface. The fracture of the coating was attributed to stress concentration, 
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with stress typically exhibiting higher levels of concentration in the bulge and groove regions. As 

depicted in Figure 9, when the metal surface coating is subjected to an impact force, the smoothness of 

the coating disperses and distributes the impact force uniformly in all directions. When the surface 

roughness of the coating increased, the surface groove deepened. When subjected to the same impact, a 

stress concentration area formed at the deep groove of the coating surface, thereby increasing the 

likelihood of fracture occurrence. The majority of the impact force will be distributed along the deep 

groove of the coating surface. When the coating was breached, under shear force, failure of the coating 

manifests as tearing along the deep groove direction without collapse of either side. The states of each 

coating at different impact heights are documented in Table 7. 

 

 
Figure 9. Coating fracture mechanism under different roughness 

 

Table 7. The states of each coating after impact at different heights. 
Coating state 70 cm 75 cm 80 cm 85 cm 

Coating 1 Rupture / / / 

Coating 2 Health 
Smooth edge 

without burrs 

Smooth edge 

without burrs 

Smooth edge 

without burrs 

Coating 3 Health Health Rupture / 

 

3.3. Corrosion resistance of the coatings 

3.3.1. Electrochemical properties of the coatings 

The corrosion resistance of the coating was evaluated through electrochemical impedance spectro-

scopy (EIS) and potentiodynamic polarization curve analysis. Figure 10 shows the fitting curves of 

impedance and modulus phase angle, the data are shown in Table 8. The impedance spectrum in Figure 

10a reveals that the coating sample demonstrates a single time constant, indicating no reactivity between 

the phenolic resin and the solution. At present, the coating applied on the metal surface effectively 

obstructed the contact pathway between the corrosive solution and the metal matrix. When 

characterizing the corrosion resistance through the impedance spectrum, a larger radius of the capacitive 

arc corresponded to an increased coating resistance. The film resistance Rf of the coating, as shown in 

Table 8, is measured to be 106 Ω·cm2, significantly surpassing that of the original sample. Upon 

increasing the coating thickness from 2 μm to 10 μm, the resistance of the coating exhibited a 

corresponding rise from 1.48 × 106 Ω·cm2 to 5.70×106 Ω·cm2, following the variation observed in the 

capacitive arc.  

The minimum impedance modulus |Z|0.01Hz is widely acknowledged as a crucial parameter in the 

assessment of material corrosion resistance. The results depicted in Figure 10b demonstrate that the 

|Z|0.01Hz values for each coating surpass an order of magnitude compared to the original, thereby 

indicating excellent corrosion resistance properties exhibited by the coatings. The Bode diagram 

revealed that the coating's modulus exhibits an oblique line trend with respect to frequency, indicating 

that the coating functions as an isolation layer characterized by high resistance and low capacitance. The 

electrochemical steps predominantly govern the operation of this system, with each coating's fitting 

circuit employing the first equivalent circuit diagram depicted in Figure 10a (1) [26]. In contrast to the 

coating system, a passive film forms on the surface of 304 stainless steel. The corrosion process in the 

solution is governed not only by electrochemical reactions but also by the diffusion of the corrosive 

solution within the oxide film. Although the impedance curve of 304 stainless steel did not exhibit a 

second time constant, this phenomenon may be attributed to the dense passive film that prevents 
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penetration of the corrosion solution. Therefore, for accurate fitting, it is recommended to employ the 

second equivalent circuit diagram depicted in Figure 10a (2) [27, 28]. 

The corrosion rate of the coating can be determined through measurement and fitting of the 

potentiodynamic polarization curve. The potentiodynamic polarization curve is shown in Figure 10c, 

and the fitting result is shown in Table 8. The self-corrosion current density exhibited a positive 

correlation with the corrosion rate. As the coating thickness gradually increased from 0 μm to 10 μm, 

the self-corrosion current density within the sample decreased from 27.6×10-8 A·cm-2 to 1.44×10-8 A·cm-

2, resulting in a reduction of nearly 20 times in the corrosion rate from 31.8×10-4 mm·a-1 to 1.66×10-4 

mm·a-1. Changes in these data showed that the thickness increase of the phenolic resin coating had a 

positive impact on the improvement of the coating corrosion resistance and reduced the corrosion rate 

when the coating soaked in the corrosion solution. 

 

 
Figure 10. Electrochemical test curves and fitting circuit of each coating:  

(a) Nyquist; (b) Bode; (c) Potentiodynamic polarization 

 

Table 8. Electrochemical test curve fitting results of each coating. 

Sample 
Rs 

/(Ω·cm2) 

CPEfilm 

/(F·cm2) 

Rf 

/(Ω·cm2) 

|Z|0.01Hz 

/(Ω·cm2) 

Ecorr 

/V 

Icorr/(×10-

8A·cm-2) 

Pi/(×10-

4mm·a-1) 

Coating 0 40.3 8.92×10-6 28.51 2.07×105 -0.140 27.6 31.8 

Coating 1 919 9.27×10-8 1.48×106 1.68×106 -0.169 10.7 12.4 

Coating 2 333 1.80×10-7 1.67×106 1.88×106 -0.209 5.43 6.27 

Coating 3 6020 2.46×10-7 5.70×106 4.76×106 -0.412 1.44 1.66 

 

3.3.2. Long-term service test of coatings 

The coating samples were prepared according to GB/T 7901-1999. The corrosion resistance and 

durability of the phenolic resin coating were further assessed through exposure to wet air hanging 

specimens and immersion in a 3.5% NaCl solution. In order to ensure the accuracy of measurement, 

each specimen is individually placed in a beaker, beaker specifications and soaking solution are shown 

in Figure 11a, b. The distinction between the two hanging experiments lay in the fact that the air hanging 

experiment evaluated the long-term performance of the coating by quantifying the weight gain and 

change rate of corrosion products accumulated on the coating samples, while the soaking hanging 

experiment assessed long-term performance by comparing sample weight loss resulting from dissolution 

of corrosion products in water. The weight change data per 100 h is presented in Figure 11c, d, e. It can 

be observed from Figure 11c that the surface of the sample underwent alterations after being exposed to 

air for 300 h and 500 h, resulting in a significant corrosion area on the surface of the original part. These 

occurrences can be attributed to defects present in the passive film on the metal surface within this 

period. The electrolyte solution formed by droplet aggregation and the potential difference between the 

metal matrix and the passive film constituted the primary battery system, and electrochemical corrosion 

occurred. The coating samples exhibited only localized pitting corrosion areas, without any significant 
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signs of extensive corrosion. This phenomenon can be attributed to the presence of tiny surface pores on 

the coating, as illustrated in Figure 11e. 

Smaller droplets permeated through the defects and initiated corrosion on the metal surface. 

However, owing to the robust interfacial adhesion between the coating and the matrix, diffusion of the 

corrosive solution was effectively impeded. With the increase in coating thickness, there was a 

significant reduction in the penetration of defects within the coating, leading to a decrease in the 

permeation of droplets through the coating and their subsequent contact with the metal matrix. The 

pitting corrosion was attenuated during this period. In the soaking experiment, as the soaking time 

increased, Cl- facilitated the disruption of the passive film on the uncoated metal through adsorption and 

diffusion. The growth of corrosion products on the metal surface caused the expansion and rupture of 

the passive film from within, ultimately resulting in severe metal corrosion [29, 30]. The phenolic resin 

coating exhibited exceptional chemical stability and remained unreactive even in the presence of a 3.5% 

NaCl solution. The corrosion diffusion inhibition of the coating at this stage was equivalent to that 

observed in ambient air. However, as the soaking time increased, and the pressure in the water promoted 

the penetration of the corrosion solution between the metal-coating interface when the corrosion product 

grew to a certain extent, the coating would be broken off, resulting in the direct contact between the 

metal matrix and the corrosion solution. Based on the observed corrosion condition of the sample 

surface, it was evident that an increase in coating thickness led to a reduction in the amount of corrosion 

products present on the sample surface. Consequently, this enhances the protective performance of the 

coating on the metal matrix, aligning with the weight change rate depicted in Figure 11. 

 

 
Figure 11. The weight change of each coating for 500 hours: (a) The weight change of wet air hanging 

specimen; (b) The weight change of the sample soaked in 3.5% NaCl, The surface morphology  

and corrosion mechanism of each coating after 500h: (c) Wet air hanging specimen; 

 (d) 3.5 % NaCl soaked specimen; (e) Coating corrosion mechanism 

 

4. Conclusions 
The phenolic resin coatings exhibit distinct surface roughness variations upon low-temperature 

curing at 60°C for 24 h while maintaining excellent flexibility and adhesion properties. Remarkably, 

even after undergoing repeated 180° bending experiments, the coatings remain firmly adhered to the 

matrix without any signs of damage. The three-dimensional network structure formed by the 

crosslinking curing reaction between the phenolic resin molecular chains effectively provides a 

protective barrier for the metal upon impact. The impact resistance of the metal initially increases and 

subsequently stabilizes with an increase in coating thickness. By investigating the condition of the 
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coating upon metal fracture, it has been observed that the fracture toughness of the coating exhibits an 

upward trend with increasing surface roughness. Conversely, coatings with excessively low roughness 

are prone to brittle fracture when subjected to impact. The coating, with a thickness of roughness of 0.44 

μm, exhibits superior comprehensive mechanical properties. It demonstrates excellent adhesion to the 

metal matrix even after impact, without any observable debris or burrs at the fracture edge. 

The application of a phenolic resin coating on the metal surface enhances the corrosion resistance of 

the metal matrix. The resistance of the sample exhibits a significant increase with an increase in coating 

thickness, while the capacitive arc radius experiences a tenfold expansion. The self-corrosion current 

and corrosion rate within the sample decreased by a factor of 19.2 due to an increase in coating thickness. 

Results from the 500 h wet air hanging test and the 3.5% NaCl solution soaking test demonstrate that 

both the weight change rate of corrosion products decrease with increasing coating thickness, indicating 

phenolic resin coating effectively prevents penetration of H2O and Cl-, thereby enhancing corrosion 

resistance and long-term durability of the metal matrix material. This isolation capability exhibits a 

positive correlation with coating thickness. 
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