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Abstract. Advanced anticorrosive coatings are used in practical applications across various industries, 

including electronics, biomaterials, automotive and aerospace sectors. Among ceramics, hydroxyapatite 

(HA) stands out due to its high corrosion resistance and chemical stability. In this study, HA powders 

were synthesized via the hydrothermal method using calcium nitrate (Ca(NO3)2·4H2O) and di-

ammonium hydrogen phosphate ((NH4)2HPO4), with the addition of surfactants to modulate their 

morphology. X-ray diffraction analysis confirmed the hexagonal phase of HA with a crystallite size of 

approximately 20 nm. Scanning electron microscopy (SEM) revealed a nanorod morphology with 

varying lengths. The HA powders were then blended with multi-walled carbon nanotubes (MWCNTs) 

poured into a commercial polyurethane clear coat to develop an advanced anticorrosive coating. This 

composite coating, containing varying loadings of MWCNTs and HA powders, was applied to 

commercial low-carbon steel (ASTM A1008). Image segmentation analysis quantified the oxide 

percentage on the coated surfaces. Notably, HA nanorods synthesized using cetyltrimethylammonium 

bromide (CTAB) as a surfactant and combined with MWCNTs at concentrations of 20 mg HA and 1 mg 

MWCNTs effectively reduced the oxidation percentage from 28.76% to 4.01%. 
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1. Introduction 

 

Anticorrosive coatings protect metals and alloy surfaces from degradation processes 

induced by exposure to aggressive fluids, a phenomenon known as corrosion (Ashassi-

Sorkhabi et al., 2020). The design of advanced nanocomposites is of significant interest 

to the industry, as these materials can achieve enhanced physical-chemical performance 

through the incorporation of micro- and nano-sized reinforcing particles. Ceramics are 
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often preferred for corrosion resistance due to their inherent chemical stability. One such 

ceramic compound is hydroxyapatite (HA, Ca10(PO4)6(OH)2), which is recognized for its 

exceptional corrosion-resistant properties. HA's effectiveness as an anticorrosive material 

is further enhanced by controlling its particle size and morphology, which can be achieved 

using various synthesis methods. Among these methods, wet chemical techniques are 

particularly favored for producing specific morphologies and particle sizes. The ability to 

tailor HA particles through these methods has made HA a promising candidate for 

anticorrosion applications in various industries, including biomedical, automotive and 

aerospace sectors (Qi et al., 2016). 

The hydrothermal method enables the synthesis of hydroxyapatite crystals with 

precise control over their sizes and shapes (Alif et al., 2018). Various morphologies of 

HA, such as nanowires, nanoribbons, spheres and prisms, have been successfully 

produced using this technique (Sadat-Shojai et al., 2013). Šimková et al. (2018) 

demonstrated that the crystallite and particle size of HA markedly affected the 

anticorrosive properties and concluded that smaller needle-shaped particles possess better 

anticorrosive efficiency. Utilizing different particle sizes and morphologies of HA has 

proven advantageous in combination with polyurethane (PU), which is an excellent 

candidate for anticorrosive coatings (Mohammadi et al., 2018). Lin et al. (2019) 

developed a porous elastomer based on PU reinforced with HA particles for plastic 

reconstruction applications, which exhibited a uniform pore structure and sufficient 

strength to withstand general pressure and tensile stress. Additionally, a composite 

coating incorporating functionalized graphene oxide (GO) in a polyurethane matrix has 

been elaborated, showing promising anticorrosive properties as characterized by 

electrochemical impedance spectroscopy (EIS) and salt spray tests (Zhang et al., 2020). 

EIS results indicated no undercoating corrosion occurred after 235 hours of immersion in 

an electrolyte solution containing 3.5 wt% NaCl. This demonstrates the coating's 

effectiveness in preventing corrosion over an extended period. Additionally, the 

incorporation of multi-walled carbon nanotubes (MWCNTs), known for their high tensile 

strength and elastic modulus, allows for the reinforcement of polymers (Zhang et al., 

2020). 

Recent studies have shown that functionalizing carbon nanotubes can significantly 

enhance the mechanical properties of polymeric materials (Coleman et al., 2006). For 

instance, reinforcing a polymer matrix with just 1 wt% of CNTs can increase the 

composite's stiffness by 36-42% and its tensile strength by approximately 25%. Based on 

this, it follows that combining hydroxyapatite (HA) with CNTs could result in a highly 

effective anticorrosive coating. Li et al. (2017) highlighted the potential benefits of such 

a combination, suggesting that the synergy between HA's corrosion resistance and CNTs' 

mechanical reinforcement could lead to advanced coatings with superior performance. 

In the field of coatings, a critical challenge is calculating the damage caused by 

corrosion and predicting the remaining useful life of exposed products. An accurate 

assessment of corrosion damage is essential for maintaining the integrity and longevity 

of materials. Lebrun et al. (2000) quantified corrosion damage through color alteration, 

providing a visual method to assess degradation. Gelli et al. (2003) developed an 

automated approach known as the “Shading Method Form” to reconstruct degraded stone 

surfaces, demonstrating the potential of automation in damage assessment. Boukouvalas 

et al. (1998) introduced computer vision techniques for detecting and classifying mineral 

streaks in ceramic tiles, showcasing the application of advanced imaging technology in 

material analysis. Further investigations have explored the use of artificial vision systems 
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to obtain high-resolution images of corrosion damage (Lee et al., 2009). These systems 

provide detailed visual data on oxidation-induced degradation, enhancing the accuracy of 

damage assessment. However, their use is often limited by the need for human 

intervention to operate the technology effectively. 

Preparing the coating base in commercial polyurethane coats with HA and 

MWCNTs load is low-cost. The nanotubes create a barrier that blocks corrosive agents 

like water and oxygen, while HA's high chemical stability further strengthens the coating. 

Together, they reduce oxide formation on metal surfaces, protecting underlying materials 

like carbon steel from oxidation. This coating will increase its durability in industrial 

environments exposed to aggressive substances.  

The present investigation used hydroxyapatite (HA) nanorods and multi-walled 

carbon nanotubes (MWCNTs) to reinforce polyurethane clear coatings. These coatings 

were deposited on commercial low-carbon steel (ASTM A1008) sheets using the tape 

casting technique. The combination of HA and MWCNTs in the polyurethane matrix 

aimed to enhance the anticorrosive properties and mechanical strength of the coatings. 

This study underscores the potential of advanced nanocomposites in extending the service 

life of materials exposed to corrosive environments, contributing to more durable and 

reliable protective coatings. 

 

2. Experimental 

 

2.1.  Materials  

The starting materials used for the synthesis included calcium nitrate tetrahydrate 

(Ca(NO3)2·4H2O, Mallinckrodt, 99%), di-ammonium hydrogen phosphate ((NH4)2HPO4, 

Baker Analyzed, 98.7%) and deionized water. Cetyltrimethylammonium bromide 

(CTAB, ACS reagent, ≥99.0%) and sodium dodecyl sulfate (SDS, ReagentPlus®, 

≥98.5%) were employed as surfactants. Solutions of Ca(NO3)2 and (NH4)2HPO4 were 

prepared at specific molar concentrations using deionized water. The volumes used 

ensured a Ca/P ratio of 1.67, corresponding to the stoichiometric ratio for hydroxyapatite 

(HA). 

 

2.2.  Synthesis Procedure 

For the HA-CTAB synthesis, 0.01 mol of CTAB was dissolved in a 0.5 M Ca(NO3)2 

solution. For the HA-SDS synthesis, 0.001 M of SDS was used. Both solutions were 

stirred at 50°C and 600 rpm for 20 minutes to ensure complete dissolution of the 

surfactants. The (NH4)2HPO4 solution was added dropwise to the Ca(NO3)2 solution, with 

continuous stirring at 50°C. The pH of the mixture was adjusted to 11 by adding 1.5 M 

NaOH. After complete addition, the mixed solution was maintained under stirring for an 

additional 30 minutes. The resulting milky suspension was transferred to a Teflon® 

container, hermetically sealed and heated in an oven at 200°C for 15 hours. The 

precipitate was then washed three times with deionized water using centrifugation at 

10,000 rpm for 15 minutes per wash to remove any residual CTAB and SDS. The washed 

powders were dried at 120°C for 8 hours. 

 

2.3. Multi-walled carbon nanotubes dispersion 

The multi-walled carbon nanotubes, MWCNTs, were treated with a solution of 

nitric acid (HNO3) (89%) and sulfuric acid (H2SO4) (91%) in a volume ratio of 3:1. 
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Initially, the MWCNTs were sonicated in distilled water at room temperature for 30 

minutes. Subsequently, the MWCNTs were dispersed in the acid solution for 120 minutes 

at room temperature. After the acid treatment, the MWCNTs were rinsed with distilled 

water and dried at 120°C for 8 hours. 

 

2.4. Polymeric coating procedure  

Commercial low-carbon steel ASTM A1008, composed of Fe 99.39%, Mn 0.5%, C 

0.1%, S 0.005% and P 0.004% by weight, was used as the substrate. The ASTM A1008 

specimens were first cut into 70 mm x 140 mm dimensions. They were then sanded 

sequentially with 180, 120, 25 and 20 μm grit sandpaper and cleaned with ethanol to 

prepare for coating. The polymeric coatings reinforced with hydroxyapatite (HA) and 

MWCNTs were prepared as follows: the reference polymeric coating (P) consisted solely 

of commercial polyurethane clear coat (CPCC, Sherwin Williams®). Polymeric coatings 

containing HA synthesized without surfactants, with CTAB surfactant and with SDS 

surfactant were designated as PH, PHC and PHS, respectively. When the polymeric 

coating also contained MWCNTs, an “M” was added to the sample code.  

The reinforced polymeric coatings described in Table 1 include, for example, the 

sample PHC2M, which contains 20 mg of hydroxyapatite synthesized using CTAB and 

1 mg of MWCNTs dispersed in 2000 mg of CPC. This corresponds to 1 wt% of HA and 

0.05 wt% of MWCNTs based on the total weight of the CPCC polymer. The CTP-catalyst 

mixture was prepared according to the manufacturer's instructions. The MWCNTs and 

HA powders were thoroughly dispersed in the polymer using an ultrasonic bath before 

adding the catalyst. Finally, several substrate sheets were coated with the prepared 

mixture. The coating was applied in a single layer, with its thickness controlled to be 

approximately 0.1 mm. The coatings were prepared in duplicate. 

Table 1 summarizes the compositions of the reinforced polymeric coatings.  Testing 

sheets were exposed for 30 days to the corrosive environment (2M NaOH solution) at 

room temperature.  All experiments were performed simultaneously in a 5-liter container 

containing 3 liters of [2 M] NaOH solution, ensuring that all samples were placed 

equidistant from the walls and from each other. The coating did not touch the solution. 

The NaOH solution was used to create an artificial atmosphere to promote polymer 

degradation and oxidation of the 1020 steel substrate. Exposure to the solution lasted for 

30 days and the experiments were duplicated. The volume-surface ratio was kept constant 

based on this configuration. The results were consistent across both sets of experiments, 

validating the reproducibility of the setup. 

 
Table 1. Composition of HA and MWCNTs in CPC coatings on ASTM 1008 steel substrate 

 
Sample HA (mg) Surfactant MWCNTs (mg) 

S* ---- ---- ---- 

P ---- --- ---- 

PH 10 --- --- 

PHM 10 --- 0.5 

PHSM 10 SDS 0.5 

PHCM 10 CTAB 0.5 

PHS2M 20 SDS 1 

PHC2M 20 CTAB 1 
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2.5. Oxidation area determination of polymeric coating 

To determine the iron oxide content in the polymeric coating, a total coated area of 

78 cm2 was analyzed. The methodology involved image segmentation using ImageJ 

software. The red regions, corresponding to iron oxide, were isolated by adjusting the 

color threshold to highlight these areas. This approach allowed for the precise 

quantification of the iron oxide-covered surface. Simultaneously, the blue regions, 

representing the polymeric coating without oxide, were also segmented. The sum of the 

red and blue areas accounted for 100% of the total polymeric coating surface. The 

percentage of iron oxide in the coating was calculated by dividing the area corresponding 

to the red regions (iron oxide) by the total coating area, yielding the proportion of the 

surface occupied by iron oxide. 

 

2.6. HA and MWCNTs characterization  

The Fourier transform infrared spectroscopy (FT-IR) was performed using a Perkin-

Elmer Spectrum two spectrophotometer. The spectrum was recorded at 32 scans in the 

4000-450 cm-1 range. Identification of the crystalline phases of the powders was carried 

out by X-ray diffraction (XRD) at room temperature using a Bruker d8 advance echo 

diffractometer with incident Cu Kα radiation (λ = 1.54184 Å), in the 2θ range of 20 to 

55°. The morphological features of powders were investigated with a JOEL scanning 

electron microscope model JSM-6000 operating under a high vacuum and low 

accelerating voltage of 5 kV. Thermal stability tests were made by thermogravimetric 

analysis using a TA instruments model SDT Q600 kit from 25 to 1000°C with a heating 

ramp of 20°C/min. 

 

3. Results and discussion 

 

Figure 1 presents the FT-IR spectra of the HA samples. Absorption bands 

corresponding to the surfactants were not detected, indicating their effective removal 

during the washing stage. The broad FT-IR band centered approximately at 1091 cm-1 

corresponds to the asymmetric stretch vibration mode of the PO₄3- group. The band at 550 

cm-1 corresponds to the symmetric P-O stretching vibration of the PO₄3- group. The band 

at 630 cm-1, corresponding to the OH⁻ group, is related to absorbed water (Varma et al., 

2005; Rocha et al., 2005). 

The FT-IR spectra depicted in Figure 1 (blue line) correspond to the MWNTs, 

displaying characteristic absorption bands. Notably, the C-H stretching vibrations 

associated with sp2 and sp3 hybridized carbon-hydrogen bonds are observed at 2916 and 

2850 cm-1. Additionally, the C-O stretching vibrations appear in the range of 1300–1000 

cm-1, which are linked to the presence of ether, alcohol or ester groups commonly 

associated with functionalized MWNTs. The absorption band located around 1226 cm-1 

is consistent with the C-O stretching vibrations in the MWNT samples (Misra et al., 2005; 

Stobinski et al., 2010). 
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Figure 1. FT-IR spectra of HA, HA-CTAB, HA-SDS and MWCNT 
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Figure 2. XRD patterns of HA powders synthesized using surfactant 
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The XRD patterns of the synthesized samples are shown in Figure 2a and b. The 

peak positions are in good agreement with the JCPDS (09-0432) standard, which 

corresponds to hydroxyapatite (HA) with lattice parameters a ≈ b ≈ 0.9418 nm, c ≈ 0.6884 

nm and space group P63/m. This confirms that standard HA with a hexagonal structure 

was formed during synthesis. The XRD pattern exhibits narrow peaks, indicating good 

crystallinity. 

In Figure 2b, the peak located around 2θ = 32.2° corresponds to the (112) plane. 

Narrower peaks were observed in the HA samples synthesized with surfactants (HA-

CTAB and HA-SDS), indicating higher crystallinity compared to the standard HA 

sample. This difference can be attributed to the modification of surface tension, which 

enhances the dispersion of Ca ions. 

No secondary crystalline phases were observed. Figure 2a shows the XRD patterns 

of MWCNTs. The peak at 2θ = 26° corresponds to the (002) plane, matching the 

concentric graphene sheets of the MWCNTs (Li et al., 2009; Osikoya et al., 2015). The 

width and intensity of the (002) and (004) planes are related to the number of layers in 

the nanotubes (Tascón et al., 2007; Shen et al., 2007). The crystallite size of the HA 

powder was determined using the Scherer Equation (1): 

 

𝐿 =  
𝐾 𝜆

𝛽 𝑐𝑜𝑠𝜃
 ,                                                                (1) 

 

where L is the average crystallite size, λ is the X-ray wavelength in nanometers (nm), β 

is the peak width at half maximum height in radians and K is a constant related to particle 

shape, usually taken as 0.9, q is the Bragg angle. The crystallite sizes were found to be 

19.89 nm, 20.58 nm and 21.32 nm for HA, HA-CTAB and HA-SDS, respectively. The 

presence of the (211) and (202) planes indicates that the crystallites are very small (Sadat-

Shojai et al., 2010). 

The micrographs of the HA powders synthesized by the solvothermal method are 

shown in Figure 3. The morphology of the hydroxyapatite powders consisted of nanorods 

exhibiting similar length-to-diameter ratios across the samples. The calculated ratios were 

3.27 ± 0.99, 3.38 ± 1.36 and 2.88 ± 1.04 for HA, CTAB+ and SDS+, respectively 

(Previous experimentation reported these values, (García-Domínguez et al., 2021)). This 

difference in length is attributed to the nucleation mechanism induced by the surfactant. 

Bricha et al. (2012) studied the behavior of different surfactants in preparing HA and their 

influence on the nucleation process and crystal growth. They found that the HA particles 

initially formed as fibrous polycrystals, which converted into nanorods with uniform 

morphology after hydrothermal treatment. 

Blending particles with a rod-like morphology as a reinforcing agent in the polymer 

matrix results in the formation of complex networks within the polymers (Scotti et al., 

2014). The HA samples were evaluated using thermogravimetric (TGA) and differential 

thermal analyses (DTA). Figure 4 shows the thermogravimetric curve of HA powder 

heated from room temperature to 1000°C. In the temperature range of 100-400°C, the 

HA-SDS powders lost 4.21 wt%, the HA-CTAB powders lost 2.93 wt% and the HA lost 

1.72 wt%. This weight loss corresponds to the evaporation of water adsorbed on the 

surface and within the pores. 
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Figure 3. SEM micrographs of HA, HA-CTAB, HA-SDS and MWCNTs of studied specimens 
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Figure 4. Thermogravimetric curve of HA powders 

 

A smaller weight loss was observed in the 400–800 °C range, with the HA-SDS 

sample losing 1.46 wt% and the HA-CTAB sample losing 0.89 wt%. This loss is 
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attributed to chemically adsorbed water molecules. Between 800 and 1000 °C, the HA-

SDS sample lost 0.36 wt%, while the HA-CTAB sample lost 0.25 wt%, which is 

associated with the transformation of hydroxyapatite (HA) into tricalcium phosphate 

(Ca₃(PO₄)₂, β-TCP) (Khayrutdinova et al., 2023). 

The hydroxyapatite powders synthesized with the surfactants CTAB and SDS 

showed greater weight loss at 400°C, due to the thermal decomposition of surfactant 

residues that remained trapped in or adsorbed on the particle surfaces. Although the 

hydroxyapatite powders were washed, the use of CTAB and SDS during synthesis 

influenced their stability at high temperatures. After removing organic material, the 

weight/temperature slope in the 400-800°C range was similar to that of HA synthesized 

without surfactants. The higher weight loss observed in HA synthesized using CTAB and 

SDS does not necessarily negatively impact coating performance; subsequent results 

indicate that these HA powders effectively reduced the oxidation area. 

The coated steel sheets were exposed to a corrosive environment for 30 days in a 

NaOH solution. The control steel sheet exhibited significant oxidation. As expected, the 

“P” sample demonstrated lower corrosion than the “S” sample (Table 1). All coated steel 

sheets with PU and different loadings of HA and MWCNTs exhibited varying oxidation 

areas. Souza et al. (2018) coated ASTM A1008 steel sheets using polystyrene and showed 

that coatings with a thickness of 40 μm resisted corrosion effectively. By controlling the 

coating thickness, the extent of corrosion attack can be managed. To analyze the images 

of the samples, they were processed by segmentation, dividing the digital image into 

several groups of pixels or objects to simplify the representation of the image. The 

polymeric coating on the ASTM 1008 steel sheet was segmented using image processing 

software, with oxidized areas highlighted in red for precise measurement. This method 

enabled accurate oxidation quantification, primarily occurring at the coating edges, likely 

at the adhesion zones. The segmentation of the coated steel sheets is shown in Figure 5. 

Segmentation was focused on the coated area to minimize noise in the analysis. The 

results are summarized in Table 2. 

 
Table 2. Percentage of surface oxidation according to segmentation with Trainable Segmentation 

 
Sample Oxidation percentage % 

S 88.59 

P 28.76 

PH 19.95 

PHM 14.54 

PHSM 13.36 

PHCM 12.58 

PHSM2 8.42 

PHCM2 4.01 

 

In this study, the uncoated sample exhibited the most corrosion damage, with 

degradation primarily occurring at the edges. The lack of adherence of the polymer further 

promoted oxidation. The PH sample showed 19.95% oxidation damage, while the PHM 

specimen reduced this damage to 14.54%. This result indicates the contribution of 

MWCNTs to the HA powders, enhancing the interaction between the coating and the 
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substrate (Zhang et al., 2015). The polymeric coating containing the HA powder 

synthesized with CTAB (PHCM and PHCM2 samples) exhibited less corrosion than their 

counterparts synthesized with SDS (PHSM and PHSM2 samples) regardless of the 

concentration of HA used in the polymeric coating. The difference in oxidation protection 

levels among the tested coating materials is attributed to the particles' surface energy, 

which improves the polymer's adherence. 
 

 
 

Figure 6. Segmentation of ASTM A1008 commercial steel sheet coated and treated (The blue color 

indicates the oxidized area, while the blue region represents areas free of oxidation) 

 

4. Conclusion 
 

In this study, ASTM A1008 steel sheets were coated with a commercial 

polyurethane clear coat, reinforced with HA powders and MWCNTs (0.5 and 1 wt% of 

HA and 0.025 wt% of MWCNTs based on the total weight of the polyurethane clear coat). 

The HA nanorods, successfully synthesized via a surfactant-assisted hydrothermal 

method, exhibited crystallite sizes in the nanometer range. Coatings reinforced with HA 

nanorods synthesized with CTAB reduced oxidation to 28.76% of the exposed area. This 

reinforcement significantly improved the adhesion of the coating, effectively enhancing 

corrosion resistance. These findings highlight the potential of HA nanorod-reinforced 

coatings in protecting ASTM A1008 steel sheets from corrosion. 
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