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Due to the fouling and corrosion issues with gas water heater heat exchangers during use, a water-based coating is created 

using the sol-gel method and applied to the inner surface of the copper tube of the heat exchangers. The water-based 

coating can reduce the surface energy of copper that is oxygen-free by 82.40 % and has outstanding hydrophobicity. The 

coating's adhesion strength was 8.46 MPa, and its wet adhesion reduction rate was only 0.0375 MPa·d-1 when submerged 

in a bath of water at a constant temperature. Its water contact angle remained above 110° even after being abraded by 

sandpaper, demonstrating its excellent wear resistance. At a constant temperature of 45 °C, the corrosion experiment was 

carried out in salt, acid, and alkali solutions. The maximum corrosion rate of the coating was 3.24 × 10-2mg∙(cm2∙h)-1, 

which was only 20.85 % of that of the oxygen-free copper substrate. The dynamic fouling experiment shows that the 

coating can effectively inhibit fouling growth, prolong the fouling induction period and reduce the average fouling rate. 

By factoring in the fouling thermal resistance and the coating thermal resistance, the overall heat transfer coefficient of 

the copper tube was computed. The results demonstrate that after applying this water-based coating, the copper tube can 

continue to have a high heat transfer coefficient for an extended period, ensuring the continuous and effective operation 

of the heat exchanger and having practical application value. 
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1. INTRODUCTION 

Gas water heaters are becoming increasingly popular as 

a means of supplying hot water to residential and 

commercial users as human living conditions and the need 

for comfort increase [1, 2]. Due to the easy fouling and 

corrosive ions, such as Ca2+, Mg2+, Cl-, HCO3
-, and SO4

2-, 

that are present in large quantities in the water during usage, 

the heat exchanger, which is the main component of gas 

water heaters, is subject to the "threat" of fouling and 

corrosion [3, 4]. What is more deadly is that fouling and 

corrosion often occur together, with fouling accelerating the 

corrosion of copper pipes and corrosion leading to rapid 

deposition of scale in the pipes. As the loose scale layer can 

retain oxygen and corrosive ions, these corrosive media 

further accelerate the local corrosion of copper pipes; at the 

same time, the products generated by corrosion lead to an 

increase in the surface roughness of copper pipes, thus 

providing suitable growth sites for deposited salt crystals 

and increasing the probability of fouling [5]. Therefore, 

fouling and corrosion lead to the thinning of the effective 

thickness of copper tubes, which destroys the internal 

metallurgical organization of oxygen-free copper, leading to 

a decrease in the mechanical properties and pressure-

bearing capacity of heat exchangers, significantly 

shortening their service life while causing serious losses and 

significant threats to the safety of human life and property 

[6]. 

To solve the above problems, a variety of anti-corrosion 
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and scale inhibition methods have been studied, such as 

changing the metal composition [7], controlling the 

corrosive environment [8], electrochemical protection [9], 

coating protection [10, 11], etc. Among them, the 

advantages of coating protection technology have attracted 

extensive attention from researchers. The studies of Qing 

and Jiang show that the surface of superhydrophobic coating 

has significant anti-corrosion and scale-inhibiting properties 

[12, 13]. Many scholars prepare superhydrophobic coating 

on the surface of the copper substrate, usually using 

chemical, electrochemical, or physical methods. First, the 

surface is etched to form a rough surface microstructure. 

The rough surface is then modified with low surface energy 

substances such as thiols and fluorinated silanes to obtain a 

superhydrophobic surface [14, 15]. However, not all 

superhydrophobic surfaces have higher corrosion and scale 

inhibition performance than hydrophobic surfaces. Yu et al. 

prepared several hydrophobic and superhydrophobic 

composite coatings and found that the corrosion rate of the 

samples with superhydrophobic performance was higher 

than that of the other samples [16], which was because the 

rough structure of superhydrophobic surfaces happened to 

provide invasion channels for the corrosive medium of 

small molecules, and the corrosion rate of the 

superhydrophobic surfaces increased instead, as compared 

to the surfaces that did not achieve superhydrophobic effect. 

Oliveira found that if the roughness is too large, the surface 

will form a strong mechanical occlusion with the dirt, and 

the high roughness can also promote scaling by blocking the 
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fluid shear force for the dirt particles [17]. In addition, the 

superhydrophobic coating preparation process is relatively 

complex, the microstructure durability is poor, and the raw 

material is easy to cause environmental pollution, and 

cannot meet the environmental requirements of gas water 

heaters. Therefore, it is still difficult for superhydrophobic 

coatings to meet the application requirements of long-

lasting anti-corrosion and scale inhibition for heat 

exchangers [18, 19]. To provide long-lasting protection for 

heat exchanger and to reduce scale deposition on the inner 

surface of copper tubes, the preparation of new and efficient 

anticorrosive, scale inhibiting and environmentally friendly 

coating is essential. 

In this paper, a water-based, environmentally friendly 

long-lasting, corrosion-resistant, and anti-fouling coating 

was prepared by sol-gel method using modified silica, 

graphite, silicon carbide, and graphene as fillers and 

aqueous silicone modified resin and aqueous silicone 

emulsion as solvents. The basis for reducing the surface 

energy of the coating was discussed by analyzing the 

wetting performance of the coating, and the mechanical 

strength characteristics of the coating were further tested to 

judge its durability in practical application. The study of 

corrosion and fouling behavior of coating in harsh 

environments was carried out to provide theoretical 

references for practical applications. Finally, the advantages 

of the coating in the practical application were illustrated by 

analyzing the effects of fouling and coating on the heat 

transfer performance of copper tubes. 

2. EXPERIMENT 

2.1. Material surface preparation 

Three material surface samples were prepared: polished 

oxygen-free copper surface, denoted by OC; pure aqueous 

silicone resin coating on the oxygen-free copper surface, 

denoted by OC-WSR; and aqueous silicone resin-inorganic 

filler composite coating on the oxygen-free copper surface, 

denoted by OC-WSR-IF. The following briefly describes 

the preparation process of these three kinds of samples and 

the sample preparation process is shown in Fig. 1. 

1. OC sample: First, the surface of oxygen-free copper 

was initially cleaned with metal cleaner, and then the 

surface was polished and polished with files and 

sandpaper; then, it was ultrasonically cleaned with 

ethanol and distilled water for 5 minutes, respectively. 

Finally, the surface was dried to produce the OC sample. 

2. OC-WSR sample: First, a mixture of water-based 

silicone-modified resin and water-based silicone 

emulsion was configured in the ratio of 3:1.7 and 

sprayed on the polished and cleaned oxygen-free 

copper substrate. After spraying, the OC-WSR sample 

was dried naturally at room temperature for 10 hours, 

heated to 130 ℃ for 30 minutes in an electric blast 

dryer, and finally cooled to room temperature. 

3. OC-WSR-IF sample: First, 2 wt.% modified silica 

(average particle size: 20 nm), 2 wt.% silicon carbide, 

3 wt.% graphite, and 0.1 wt.% multilayer graphene 

(average particle size: 5 μm) were mixed into inorganic 

filler, and the inorganic filler was uniformly dispersed 

in the mixture prepared in (2) by magnetic stirring and 

ultrasonic dispersion. Then, the OC-WSR-IF sample 

was prepared according to the steps in (2). 

2.2. Sample surface energy analysis 

Surface energy is an intrinsic property of coating, and 

coating with low surface energy has good hydrophobic 

effects while providing excellent results in reducing the 

deposition of hydrophilic fouling. Therefore, the magnitude 

of the surface energy of a coating is critical to the deposition 

rate of fouling [20, 21]. Among the surface energy 

determination methods, the contact angle method is widely 

considered to be the most direct and effective. 

2.2.1. Surface wettability 

Wettability is one of the critical properties of a solid 

surface. Solid surfaces are wetted during solid-liquid 

contact, which is usually characterized by the contact angle 

(CA) or rolling angle (SA); in the case of solid surfaces, if 

CA < 90°, they are hydrophilic and more easily wetted by 

liquids; if CA > 90°, they are hydrophobic and less easily 

wetted by liquids [22]. The static contact angles of different 

standard liquids (distilled water and ethylene glycol) on the 

sample surfaces were measured using a contact angle 

measuring instrument (ASR-705B, Guangdong Aisry 

Instrument Technology Co., Ltd.). Five different locations 

were selected on the sample’s surface for each group of tests, 

and the results were averaged. 

2.2.2. Surface energy calculation 

For solid surfaces, the surface energy is more difficult to 

obtain by direct measurement methods due to the existence 

of microscopic scratches, pits, and other unevenness on the 

surface, and the surface environment is very complex, so the 

solid surface energy is often obtained by indirect calculation 

of the solid surface energy based on experiments. Therefore, 

the three samples' surface energy was calculated using the 

contact angle method developed by Owens and Wendt [23]. 

 

Fig. 1. Schematic diagram of the sample preparation process 
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The essence of solid surface wetting is that the liquid is 

attached by the action of the adhesion force on the solid 

surface. The work of adhesion 𝑊𝑎 can be expressed as: 

𝑊𝑎 = 𝛾𝐿𝑉(1 + 𝑐𝑜𝑠𝜃), (1) 

where 𝛾𝐿𝑉 is the free energy per unit area of the liquid-gas 

interface; 𝜃 is the static contact angle. Owens and Wendt 

considered that the work of adhesion consists of the 

dispersion component and the polar component, so the work 

of adhesion can also be written as: 

𝑊𝑎 = 2√γ𝑆𝑉
𝑑 𝛾𝐿𝑉

𝑑 + 2√𝛾𝑆𝑉
𝑝
𝛾𝐿𝑉
𝑝

, (2) 

where γ𝑆𝑉
𝑑  and 𝛾𝐿𝑉

𝑑  are the dispersive parts of the solid and 

liquid surface energies; 𝛾𝑆𝑉
𝑝

 and 𝛾𝐿𝑉
𝑝

 are the polar parts of the 

solid and liquid surface energies. From Eq. 1 and Eq. 2, it is 

obtained that: 

𝛾𝐿𝑉(1 + 𝑐𝑜𝑠𝜃) = 2√𝛾𝑆𝑉
𝑑 𝛾𝐿𝑉

𝑑 + 2√𝛾𝑆𝑉
𝑝
𝛾𝐿𝑉
𝑝

. (3) 

For a known standard liquid, the dispersion and polarity 

components are known, and the unknowns are only γ𝑆𝑉
𝑑  and 

𝛾𝑆𝑉
𝑝

. By measuring the static contact angle between the two 

standard liquids and the sample surface, the two solid 

surface energy components in Eq. 3 are solved jointly. The 

sum of the two 𝛾𝑆𝑉 is the surface energy of the sample. The 

surface energy parameters of distilled water and ethylene 

glycol are listed in Table 1. 

Table 1. Surface energy parameters of standard liquids (20 ℃, 

mJ∙m-2) 

Standard liquids 𝜸𝑳𝑽 𝜸𝑳𝑽
𝒅  𝜸𝑳𝑽

𝒑
 

Distilled water 72.8 21.8 51.0 

Ethylene glycol 48.3 29.3 19.0 

2.3. Sample mechanical strength characterization 

2.3.1. Wet adhesion test 

Wet adhesion is the adhesion force measured after the 

coating absorbs water, and the wet adhesion of the coating 

is one of the critical factors determining the failure of the 

coating. If the lateral pressure generated by water at the 

interface is stronger than the wet adhesion of the coating, 

the water phase will penetrate laterally and cause the coating 

to peel off, making the protective function of the coating 

ineffective; on the contrary, the lateral movement of the 

water phase is blocked and can only accumulate at the 

original position, and the stronger wet adhesion of the 

coating can effectively prevent the water from damaging the 

coating, making the coating protective function excellent. 

Considering the working environment of the heat exchanger, 

the test samples were immersed in a constant temperature 

water bath at temperatures of (45 ± 0.5) °C and 

(60 ± 0.5) °C, respectively, and were removed at specific 

intervals, rinsed with deionized water, and quickly blotted 

dry with filter paper to determine the wet adhesion of the 

coating according to ISO 4624:2002 Paints and varnishes – 

Pull-off test for adhesion. 

2.3.2. Abrasion resistance test 

The friction resistance of the sample coating surface can 

be reflected by the excellent hydrophobicity of the coating 

even after it is damaged by friction on the sandpaper, as 

shown in Fig. 2. The surface of the sample coating was 

placed face down on 400 g metallographic sandpaper, and a 

100 g weight was applied to the other side of the sample, 

which was then moved forward and backward by 10 cm at 

a constant speed, recorded as one friction resistance cycle. 

The contact angle of a water droplet on the sample coating 

surface was measured under different numbers of friction-

resistant cycles. The numerical change of the contact angle 

reflects the friction resistance of the sample coating surface. 

 

Fig. 2. Diagram of friction resistance test 

2.4. Corrosion resistance test 

Referring to the ASTM NACE/ASTMG31-12a 

standard, the immersion method is selected to test the 

corrosion resistance of the sample coating. Set the corrosion 

temperature at (45 ± 0.5) ℃ and (60 ± 0.5) ℃; corrosion 

media were 5 % sulfuric acid, 5 % hydrochloric acid, 5 % 

sodium hydroxide, and 25 % sodium chloride. The 

corrosion rate was measured according to the change in 

weight of the sample before and after corrosion. The 

selected sample was cylindrical, 30 mm in diameter, 1mm 

in height, immersed in the corrosion solution before 

weighing each sample with an analytical balance, every 48 h 

removed after cleaning and drying weighing records and 

then replaced by a new corrosion solution for the experiment. 

Corrosion solution with a beaker and water bath heating to 

maintain a constant temperature of (45 ± 0.5) ℃ and 

(60 ± 0.5) ℃. 

2.5. Anti-fouling performance test 

The samples were suspended in calcium carbonate 

fouling solution at (45 ± 0.5) ℃ and (60 ± 0.5) ℃ for anti-

fouling performance test. CaCO3 fouling solution was 

obtained by dissolving a certain amount of NaHCO3 and 

anhydrous CaCl2 in deionized water and preheated to 45 ℃ 

and 60 ℃. The fouling solution was put into the rotating 

hanging tester, the speed was set to 60 r/min, and the 

prepared sample was hung vertically for the dynamic 

fouling test. The fouling rate was measured by the weighing 

method after the samples were rotated and immersed in the 

fouling solution for a period of time. 

3. RESULTS AND DISCUSSION 

3.1. Sample surface characterization 

Table 2 shows the static contact angles of the three 

sample surfaces when distilled water and ethylene glycol are 

used as standard liquids. The results showed that the water 

contact angle θ1 and the glycol contact angle θ2 of the two 

sample coatings were both hydrophobic and larger than 
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those of the uncoated surface, indicating that the coating had 

changed the wetting characteristics of the original surface. 

Table 2. The static contact angle of the sample 

Sample 
Distilled water 

contact angle θ1, ° 

Ethylene glycol 

contact angle θ2, ° 

OC 90.4±2.3 59.8±3.4 

OC-WSR 102.6±1.2 80.7±1.6 

OC-WSR-IF 122.3±1.3 109.6±1.7 

 

Fig. 3. SEM images of the sample surface: a, b – OC-WSR;  

c, d – OC-WSR-IF 

The surface micromorphology of the coated samples 

OC-WSR and OC-WSR-IF is shown in Fig. 3. After the 

addition of modified SiO2 and other inorganic fillers, the 

granular projections of the coatings increase, and when the 

surface is wetted by water, the voids between the projections 

prevent water from contacting the surface due to the 

entrainment of air trapped so that water cannot spread on the 

surface. Therefore, the OC-WSR-IF sample has good 

hydrophobicity. 

The results of the surface energy calculations for the 

three samples are shown in Table 3. The polished OC 

sample had the highest surface energy. Because the solid 

surface energy is defined based on the reversible work done 

when adding new atoms to the solid surface to establish a 

new surface, the polished OC sample is a metal surface and 

off-domain electrons maintain the action force between 

metal atoms, the magnitude of the action force is almost 

equal to the chemical bond, the action force is large, the 

action force field in which the surface atoms are located is 

more inhomogeneous, and the surface energy is higher. The 

OC-WSR sample was sprayed with a water-based coating 

on the polished OC substrate, and the surface energy was 

reduced. Because the water-based silicone emulsion is an 

aqueous emulsion of polydimethylsiloxane (PDMS). PDMS, 

as a hydrophobic polymer, has low surface energy, and its 

addition to the coating solution can effectively improve the 

surface energy of the OC-WSR sample. The OC-WSR-IF 

sample had the lowest surface energy. Compared with the 

OC sample, the surface energy was reduced by about 82 %. 

By adding modified SiO2 and other inorganic fillers and 

dispersing them uniformly in the coating solution, the 

surface energy of the coating can be further reduced by 

building micro-nano rough structures on the coating surface. 

3.2. Mechanical strength properties 

In the coating preparation process, besides the basic 

mechanical strength properties determined by the aqueous 

base resin, the filler's type and content will impact the 

coating's strength properties. It was found that the addition 

of silicon carbide (SiC) and graphite (C) to the coating, the 

synergistic effect of the two, can make the coating have 

better strength properties. To investigate the distribution 

ratio of the optimal comprehensive performance when the 

two components were added to the coating, three sets of 

comparison experiments were set up, in which the mass 

ratios of SiC:C were 3:2, 1:1, and 2:3, respectively, under 

the premise that the sum of the masses of silicon carbide and 

graphite was 5 wt.%. 

Fig. 4 shows the results of the wet adhesion test for 

different samples. With the increase in soaking time, the wet 

adhesion on the surface of the OC-WSR sample decreased 

significantly with a rate of 0.1425 MPa·d-1. This is because 

the resin contains more hydroxyl groups, which makes the 

water quickly pass through the coating to the coating/metal 

interface, resulting in a rapid decrease of the wet adhesion 

of the coating. 

 

Fig. 4. Variation of sample wet adhesion with soaking time 

By adding inorganic filler, the resin can be fully wetted 

and wrapped with fill to enhance the denseness of the 

coating, which can effectively prevent the penetration of 

water, oxygen, and ions and slow down the rate of reduction 

of wet adhesion of the coating.
Table 3. Surface energy parameters of the samples

Sample 𝛄𝑺𝑽
𝒅 , mJ∙m-2 𝜸𝑺𝑽

𝒑
, mJ∙m-2 𝜸𝑺𝑽, mJ∙m-2 Rate of change, % 

OC 30.84 ± 2.3 2.05 ± 0.2 32.89 ± 2.5 / 

OC-WSR 17.37 ± 0.6 1.59 ± 0.12 18.96 ± 0.72 42.35 ± 2.21 

OC-WSR-IF 4.95 ± 0.33 0.84 ± 0.06 5.79 ± 0.39 82.40 ± 0.15 

Note: Rate of change = (OC surface energy - coating surface energy) / OC surface energy 
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When the mass ratio of SiC:C was 2:3, the wet adhesion 

of the coating was relatively the highest, and the reduction 

rate was only 0.0375 MPa·d-1 and the wet adhesion of the 

samples did not show significant changes after the 

experimental temperature was increased. The main reason 

is that graphite is a layered material, and the surface area of 

graphite is larger, which can increase the contact area with 

resin and increase the mutual adsorption between them, and 

then improve the adhesion strength of the coating. 

The durability of hydrophobic coatings is often 

reflected by their abrasion resistance. Fig. 5 shows the 

variation pattern of the contact angle of the OC-WSR and 

OC-WSR-IF sample surfaces after sandpaper friction. Due 

to the sandpaper friction, the roughness of the sample 

surface at different locations was different, and the contact 

angle was measured at different points after a certain 

number of friction-resistant cycles. Therefore, the contact 

angle of the sample surface fluctuated with the increase in 

the number of friction-resistant cycles. From the overall 

results, the contact angle of the sample surface decreased as 

the number of friction-resistant cycles increased. The OC-

WSR sample showed a rapid decrease in contact angle 

during the friction resistance cycle, and the surface changed 

from hydrophobic to hydrophilic, while the contact angle of 

the OC-WSR-IF sample was > 110° after 1000 friction 

resistant cycles and still maintained good hydrophobicity. 

The main reason is that silicon carbide is a hard, wear-

resistant filler, which can effectively carry external forces, 

and the relatively high content of graphite can prevent the 

coating from being damaged by a larger contact area 

between the two when the coating is subjected to external 

cyclic reciprocal frictional forces. With the synergistic 

effect of graphite and silicon carbide, the OC-WSR-IF 

sample exhibits good mechanical stability and can withstand 

the damage of certain external forces with good wear 

resistance. 

 

Fig. 5. Variation of contact angle of the sample surface with the 

number of friction-resistant cycles 

The wear resistance mechanism of the coating under the 

synergistic effect of graphite and silicon carbide is explored, 

as shown in Fig. 6. When graphite and silicon carbide are 

added to the coating, fine cracks can be generated on the 

coating surface when it is subjected to reciprocal friction, 

which may cause the surface coating to spill. As the number 

of friction-resistant cycles increases, the cracks generated 

on the surface of the coating begin to expand to the inside 

of the coating, and when the cracks expand to the vicinity of 

the graphite, the easy slippage of the graphite plays a 

slowing role in the expansion of the cracks, i.e., it increases 

the crack expansion path. At the same time, the silicon 

carbide and the coating have a high internal bonding force, 

which will not easily peel off from the inside of the coating, 

playing a good role in bearing the external force mass. 

Therefore, the synergistic effect of graphite and silicon 

carbide makes the coating have good wear resistance 

performance. 

 

Fig. 6. The wear mechanism of the coating 

3.3. Anti-corrosion and anti-fouling properties 

The corrosion resistance and anti-fouling performance 

can measure the coating's ability to protect the heat 

exchanger and determine whether there is the possibility of 

contaminating water quality in practical applications. Fig. 7 

shows the corrosion rates and contact angles of the three 

samples after 100 days of immersion in different etching 

solutions, where the corrosion rate of the OC-WSR-IF 

sample in 60 °C etching solution was measured after 

20 days of immersion. The mass loss of the three samples in 

the sulfuric acid solution was the largest, in which the 

corrosion rate of OC samples was 15.54 ×10-2 mg·(cm2∙h)-1. 

The oxygen-free copper substrate was wholly exposed to the 

corrosion solution, and pitting occurred in contact with 

corrosive ions, with more uneven defects appearing on the 

surface and a rapid decrease in contact angle. The corrosion 

rate of the OC-WSR sample was 9.49 × 10-2 mg·(cm2∙h)-1, 

which was about 40 % lower relative to the OC sample, 

indicating that the coating could shield the corrosive 

solution invasion. However, with the extension of the 

immersion time, due to the poor hydrophobicity of the 

sample surface, the corrosive solution tends to spread on the 

surface, pitting of corrosive ions due to capillary action 

along the coating microcrack defects into the bottom of the 

coating, destroing of the microstructure of the coating 

surface, the microcrack further deepen, so that it loses its 

hydrophobicity. The corrosion rate of the OC-WSR-IF 

sample was further reduced by adding inorganic filler to the 

coating, which was only 20.85 % of that of the OC sample, 

and the coating still had good hydrophobicity after being 

corroded, showing the relatively best resistance to sulfuric 
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acid corrosion. The reason is that the OC-WSR-IF sample 

has low surface energy. The air trapped inside makes it 

difficult for the corrosive solution to penetrate the 

microstructure of the coating and not easily contact the 

surface due to the excellent hydrophobicity and micro-nano 

structured voids; according to Laplace's equation, the 

curved liquid surface generates an additional pressure 

directed toward the corrosive solution, and this additional 

pressure causes the corrosive solution to be squeezed and 

drained away, preventing its invasion by corrosive ions [24]. 

In addition, the inorganic filler is uniformly distributed in 

the coating by ultrasonic dispersion, which can divide the 

coating into many small spaces and effectively improve the 

internal stress concentration of the coating. The filler will 

form an overlapping "labyrinth" like structure, which can 

make the corrosive ion infiltration tortuous, thus increasing 

its diffusion to the substrate. The corrosion rate of the three 

samples in the rest of the corrosive solution was the same as 

the sulfuric acid corrosive solution, the corrosion rate of the 

OC-WSR-IF sample in the hydrochloric acid corrosive 

solution was 27.15 % of the OC sample, and the corrosion 

rate in the sodium hydroxide corrosive solution was 21.06 % 

of OC sample. Therefore, the OC-WSR-IF sample shows 

the best overall corrosion resistance, however, as the 

temperature of the corrosive solution increased, the 

corrosion of the sample surface showed an accelerated trend, 

the main reason is that as the temperature increases, the 

diffusion rate of the corrosive ions in the solution increases, 

and it is easier to penetrate the coating to reach the metal 

substrate to produce corrosion. 

 

Fig. 7. The corrosion rate of samples in the corrosion solution and 

the contact angle after being corroded 

With the extension of fouling time, the fouling amount 

of the three samples shows a dynamic increasing trend, as 

shown in Fig. 8. The whole growth process of the calcium 

carbonate scale on the surface of the OC sample can be 

divided into three stages. In the first stage (0 ~ 84 h), the 

CaCO3 fouling amount was 0.14 mg·cm-2, and the average 

fouling rate was 0.0017 mg·(cm2∙h)-1, which was equivalent 

to a period of " dirt-free, "i.e., fouling induction period. In 

the second stage (84h ~ 240 h), the average fouling rate was 

0.0344 mg·(cm2∙h)-1, CaCO3 fouling entered the rapid 

growth period. In the third stage (240 h ~ 492 h), the CaCO3 

fouling amount was almost unchanged relative to the second 

stage, which was 5.49 mg·cm-2. The reason is that the 

nucleation sites of CaCO3 on the surface of the OC sample 

gradually decrease with the increase of fouling time. 

 

Fig. 8. Variation of sample fouling amount with time 

The whole growth process of the calcium carbonate 

scale on the surface of the OC-WSR sample can be divided 

into four stages. In the first stage (0 ~ 156 h), the fouling 

induction period was prolonged nearly two times compared 

with OC samples. Because the surface energy of the OC-

WSR sample is lower and the adhesion between the surface 

and external substances is weaker. Thus, the dirt is less 

likely to adhere to the surface. In the second stage 

(156 h ~ 336 h), the CaCO3 fouling increased from 

0.11 mg·cm-2 to 2.29 mg·cm-2, and the average fouling rate 

was 0.0121 mg·(cm2∙h)-1, which was 35.17 % of the OC 

sample. In the third stage (336 h ~ 384 h), the CaCO3 

fouling showed a decreasing trend, and the average fouling 

rate was -0.0073 mg·(cm2∙h)-1, indicating that the scale on 

the surface of the sample had undergone clearly detached. 

For the formed fouling layer, the interaction force between 

them is weaker due to the low surface energy of the sample, 

and it is easier to flake off from the surface due to impact. 

In the fourth stage (384 h ~ 492 h), the CaCO3 fouling 

amount increased from 1.94 mg·cm-2 to 2.22 mg·cm-2 with 

an average fouling rate of 0.0026 mg·(cm2∙h)-1, and the 

surface fouling amount of the sample showed another 

increasing trend compared with the previous stage. The OC-

WSR sample fouling experiment shows that there is a 

dynamic process of fouling detachment during the whole 

fouling process of CaCO3 growth. 

The whole growth process of the calcium carbonate 

scale on the surface of the OC-WSR-IF sample can be 

divided into three stages. In the first stage (0 ~ 204 h), the 

fouling induction period lasted longer compared to the OC-

WSR sample, which was 2.43 times longer than that of the 

OC sample, indicating that the fouling induction period has 

a decreasing relationship with the surface energy. When the 

temperature of the fouling solution increased, the fouling 

induction period was shortened, and the rapid growth period 

of the calcium carbonate scale was advanced to 180 h. In the 

second stage (204 h ~ 360 h), CaCO3 fouling increased 

from 0.07 mg·cm-2 to 0.84 mg·cm-2, and the average fouling 

rate was 0.0049 mg·(cm2∙h)-1, which was 14.24 % of the OC 

sample. As the temperature of the fouling solution rose, the 
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amount of CaCO3 fouling increased, once the solubility of 

CaCO3 decreases with increasing temperature, leading to an 

increase in precipitation fouling. In the third stage 

(360 h ~ 492 h), the average fouling rate was significantly 

reduced to 0.0003 mg·(cm2∙h)-1 relative to the previous 

stage. In this stage, the fouling amount of CaCO3 was 

dynamically changing. Because the vortex and shear force 

formed when the fluid flowed over the sample surface has a 

direct effect on both the fouling rate and the desorption rate 

of the crystals, due to the effect of fluid shear force, the 

CaCO3 crystals adhered to the sample surface are dislodged, 

and the amount of fouling shows an apparent irregular 

variation [25]. After 492 h dynamic fouling experiment, the 

ratio of fouling induction period time of the three samples 

was 1:1.86:2.43, the ratio of the maximum fouling amount 

of CaCO3 was 6.25:2.60:1, and the ratio of average fouling 

rate in the growth period was 7.02:2.47:1. Therefore, the 

OC-WSR-IF sample has an excellent anti-fouling 

performance. 

For the application of the coating in the oxygen-free 

copper tube of the heat exchanger, the anti-fouling 

mechanism of the coating, combined with the above 

analysis, is shown in Fig. 9. Firstly, during the flow of water 

in the copper tube, the positively charged (Ca2+, Mg2+) 

scale-forming ions and negatively charged (HCO3
-) scale-

forming ions contained in the water collide with each other 

to form ion pairs and gradually form tiny aggregates after 

many times of aggregation and dissolution; after that, crystal 

embryos are formed with these aggregates as the center [26]. 

Most of the crystal embryos are in an unstable dynamic 

exchange equilibrium, and some may continue to grow, 

while others may split into smaller particles or redissolve; 

until the nuclei become large enough to crystallize and 

precipitate from the solution; then, the irreversible crystal 

growth process begins. Due to the presence of a micro-nano 

multi-level structure on the coating surface, air can be 

trapped, and an air film is formed on the coating surface, 

which effectively prolongs the fouling induction period [27]. 

After the fouling induction period, accompanied by the 

destruction of the air film at localized locations on the 

coating surface, the solid-liquid contact area between the 

fouling ions in water and the coating is increased, but overall, 

only a small number of nucleation sites exist on the coating 

surface, and the amount of fouling is low. In addition, due 

to the lower surface free energy, lower adhesion work, and 

non-polarity of the coating, it is not easy for the dirt to be 

adsorbed on the surface of the coating, and along with the 

gravitational effect and scouring of the water, the dirt can 

easily fall off from the surface of the coating, which 

effectively inhibits the process of dirt formation and growth. 

3.4. Heat transfer analysis 

Most researchers engage in coating development and 

fouling research focus on the fouling inhibition effect of the 

modified surface while ignoring the fact that low surface 

energy coating materials are mostly organic polymers with 

their low thermal conductivity. This means that a certain 

amount of uniform "fouling" has grown inside the tube 

before fouling has occurred. Therefore, the key to 

measuring whether the coating can be applied in 

engineering practice is whether it improves the overall heat 

transfer performance of oxygen-free copper tubes after 

fouling. Dirt thermal resistance indicates the value of the 

degree of heat transfer efficiency reduction due to deposits 

on the heat exchange surface, that is, the heat transfer 

resistance caused by deposits on the heat exchange surface, 

including scale, rust and corrosion, and other additional 

thermal resistance caused by dirt, of which scale is the main 

component of the heat exchanger copper tube fouling. 

 

Fig. 9. Anti-fouling mechanism of the inner coating of oxygen-free copper tube 
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The fouling thermal resistance 𝑅𝑓  can be obtained 

according to equation (4). 

𝑅𝑓 =
𝑑𝑜𝑓

2𝜆𝑓
𝑙𝑛

𝑑𝑜𝑓

𝑑𝑖𝑓
≈

𝛿𝑓

𝜆𝑓
, (4) 

where 𝑑𝑜𝑓, 𝑑𝑖𝑓 are the outer and inner diameter of the dirt 

layer, m; 𝜆𝑓 is the thermal conductivity of the dirt, W·(m∙K)-

1; 𝛿𝑓 is the thickness of the dirt layer, m. 

The thermal resistance 𝑅𝑡 of coating as a special "dirt" 

is calculated in the same way as the thermal resistance 𝑅𝑓 of 

dirt. 401 W·(m∙K)-1 is the thermal conductivity of oxygen-

free copper tube in clean condition, and the heat transfer 

coefficient K = 439.88 kW·(m2∙K)-1 is calculated based on 

12 mm outer diameter and 10 mm inner diameter of copper 

tube. The total heat transfer coefficient 𝐾′  of the copper 

tube can be calculated according to Eq. 5 when considering 

the coating thermal resistance 𝑅𝑡  and the fouling thermal 

resistance 𝑅𝑓. 

𝐾′ =
1

1

𝐾
+𝑅𝑡+𝑅𝑓

. (5) 

Before calculating the thermal resistance of the coating 

and the thermal resistance of the dirt, the thermal 

conductivity of the OC sample surface calcium carbonate 

scale, the OC-WSR sample, and the OC-WSR-IF sample 

coating were measured by Hot Disk thermal constant 

analyzer and were 1.16 W·(m∙K)-1, 2.59 W·(m∙K)-1 and 

18.44 W·(m∙K)-1, respectively. Based on the measured 

results, it was clear that the low thermal conductivity of the 

OC-WSR sample coating was. The thermal conductivity 

mechanism of the coating is shown in Fig. 10, the OC-WSR 

sample coating material is an amorphous polymer, which 

lacks both free electrons and a complete lattice structure, 

and when the heat reaches its surface, it causes random 

vibration and rotation of the internal atoms, followed by 

transfer to neighboring atoms, and so on. This random and 

slow heat transfer leads to low thermal conductivity [28]. In 

contrast, the thermal conductivity is significantly increased 

by adding inorganic fillers such as graphite and graphene to 

the coating. Because graphite is a crystalline mineral of 

carbonaceous elements, which can be regarded as two-

dimensional graphene molecules stacked in layers, its 

electrical conductivity and lattice structure are complete, 

with thermal conductivity of 129 W·(m∙K)-1; the carbon 

atoms in graphene and the three surrounding carbon atoms 

undergo sp2 hybridization to form σ-bonds, giving graphene 

a complete lattice structure, which relies on the non-simple 

harmonic vibrations of the elastic lattice (i.e., phonon 

interactions) to transfer heat, and the thermal conductivity 

of a single layer of graphene can reach 5300 W·(m∙K)-1. The 

introduction of an ordered carbon structure in the coating 

reduces the phonon scattering caused by the disordered and 

chaotic arrangement of macromolecules and promotes local 

order at the molecular level, while its reticular structure has 

a large specific surface area, allowing a smaller amount of 

carbon filler to form an excellent thermal conductivity 

network [29]. 

 

Fig. 10. Thermal conductivity mechanism of the coating 

In the anti-fouling performance test, the amount of 

fouling on the surface of the OC sample varied at different 

locations, with the thickness of the scale layer ranging from 

1 μm to 5 μm, while the maximum thickness of the scale 

layer on the surface of the OC-WSR sample and the OC-

WSR-IF sample was 2 μm and 0.5 μm, respectively. The 

effects of copper tube fouling and surface coating on the 

total heat transfer coefficient of copper tubes are shown in 

Table 4. As can be seen from Table 4, the total heat transfer 

coefficient of the copper tube decreased rapidly as the 

thickness of the scale layer increased. When the thickness 

of the scale layer reached 5 μm, the total heat transfer 

coefficient was only 34.53 % of that of the clean copper tube, 

indicating that the fouling seriously affected the heat 

transfer of the copper tube, resulting in a large amount of 

energy loss in practical applications. The surface coating of 

both the OC-WSR sample and OC-WSR-IF sample played 

a role in inhibiting the growth of fouling. 

Table 4. Effect of fouling and coating on the total heat transfer coefficient of copper tube 

样品 
𝛿𝑓, 

μm 
𝜆𝑓, W∙(m∙K)-1 

𝑅𝑓,  

10-6(m2∙K)∙W-1 

𝛿𝑡, 
μm 

𝜆𝑡, W∙(m∙K)-1 𝑅𝑡,  
10-6(m2∙K)∙W-1 𝐾′, kW∙(m2∙K)-1 

OC 

0 

1.16 

0 

/ / / 

439.88 

1 0.8621 318.94 

2 1.7241 250.16 

3 2.5862 205.78 

4 3.4483 174.78 

5 4.3103 151.89 

OC-WSR 2 1.7241 10 2.59 3.8160 127.25 

OC-WSR-IF 0.5 0.4310 10 18.44 0.5423 308.01 
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However, the thermal conductivity of the OC-WSR 

sample surface coating was poor, and the total heat transfer 

coefficient after surface modification still decreased relative 

to the copper tube at 5 μm of fouling, which didn’t have the 

potential for practical application. For the OC-WSR-IF 

sample surface coating, the overall heat transfer 

performance was still better than that of the uncoated scaled 

copper tube when the thermal resistance of the fouling and 

the thermal resistance of the coating were taken into account. 

Moreover, the total heat transfer coefficient was improved 

by 49.68 % relative to the copper tube with an average 

fouling thickness of 3 μm. Therefore, the coating is of great 

significance in the practical application for the continuous 

and efficient operation of gas water heaters and the 

extension of their service life. 

3.5. Limitations analysis 

Although this study has achieved some ideal results, 

there is still some content to be further improved, in the 

future work, can be aimed at the following content for more 

in-depth and systematic research. Firstly, this paper mainly 

studied the various properties of the coating, and the 

mechanism of the coating is still shallow, the later research 

can be an in-depth analysis of the coating of the corrosion 

resistance and anti-fouling mechanism. Next, the results in 

the paper are based on small sample experiments, to make 

the experimental results closer to the application in the heat 

exchanger, the later research can design a pipeline 

simulation experimental device, to get the comprehensive 

performance of the coating in the inner wall of the copper 

pipe, and the experimental results of this paper for 

comparison, to promote the practical application of the 

coating. 

4. CONCLUSIONS 

Three material surface samples of OC, OC-WSR, and 

OC-WSR-IF were prepared. The surface characterization, 

strength properties, corrosion, and fouling behavior of the 

three samples were investigated. The heat transfer 

performance of the samples under practical applications was 

analyzed, and the following conclusions were obtained: 

1. The coating changed the wetting characteristics of OC 

samples, while its surface energy was reduced by 

42.35 % - 82.40 %. 

2. The wet adhesion reduction rate of OC-WSR samples 

was 0.1425 MPa·d-1. The addition of silicon carbide and 

graphite to the coating effectively slowed down the wet 

adhesion reduction rate, and the reduction rate was 

relatively minimal at 0.0375 MPa·d-1 at a silicon 

carbide to graphite mass ratio of 2:3. In addition, the 

coating has excellent wear resistance with the 

synergistic effect of silicon carbide and graphite. 

3. Compared with the other two samples, the OC-WSR-IF 

sample has excellent corrosion and fouling resistance. 

In the most corrosive sulfuric acid solution, the 

corrosion rate was only 3.24 × 10-2 mg·(cm2∙h)-1; the 

ratio of fouling induction period time was 1:1.86:2.43, 

the ratio of the maximum fouling amount of CaCO3 was 

6.25:2.60:1, and the ratio of average fouling rate in 

growth period was 7.02:2.47:1 after 492 h of dynamic 

fouling for the three samples. 

4. Fouling seriously weakens the heat transfer 

performance of the copper tube, while the coating of 

high thermal conductivity not only inhibits the growth 

of fouling but also reduces the impact of the total heat 

transfer coefficient of the copper tube due to the thermal 

resistance of its coating, which increases the total heat 

transfer coefficient by 49.68 % compared to the fouling 

copper tube and has the potential for practical 

application. 
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