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Abstract

:

In this research, hydroxyapatite (HA)–chitosan–titania nanocomposite coatings were formed on 316 L stainless steel using electrophoretic deposition (EPD) from alcoholic (methanol and ethanol) suspensions containing 0.5 g/L chitosan and 2 and 5 g/L HA and 2 and 5 g/L Titania. The effect of different parameters on the deposition rate, morphology, and corrosion resistance of the coatings in simulated body fluid (SBF) at 37 °C has been studied. The coatings’ properties were investigated using Fourier-transform infrared spectroscopy (FTIR) and scanning electron microscope (SEM). Based on the results of this work, it was found that the deposition rate in ethanolic suspensions is lower than methanolic ones. Moreover, the coating surface was smoother when the ethanol was used as a solvent in suspensions in comparison to the ones where methanol was the solvent. The coating deposited from a suspension containing 0.5 g/L chitosan, 2 g/L HA, and 5 g/L titania with ethanol as solvent had the highest corrosion resistance in SBF at 37 °C.
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1. Introduction


Hydroxyapatite Ca10(PO4)6(OH)2 (HA) is a crystalline material that has been used as a coating for metallic body implants because of its biocompatibility, bioactivity, and similarity to the chemical composition of the inorganic part of bone tissue [1,2,3,4,5,6]. In terms of coating, there are several methods to form HA, including sol-gel [7], plasma spraying [5,8], and electrochemical deposition [9]. Among all different methods, electrophoretic deposition (EPD) is one of the most promising methods to produce HA coatings. This method is a very simple and flexible method that can be applied to any complex shaped material leading to the formation of the uniform coating. In comparison to the other methods, EPD has the superiority of being less time-consuming and less expensive. This colloidal process works such that charged particles in a liquid medium immigrate due to the influence of an electrical potential gradient, so their coagulation on an electrode with opposite charge forms a deposit [1,3,6,10,11,12,13,14].



The weight of the coatings fabricated by EPD process can be represented by Hamaker Equation (1), where C and μ are concentration and electrophoretic mobility of particles in the suspension, t and A are deposition time and area, and E is the applied electric field [15].


W= C.μ.A.E.t,



(1)







HA coatings deposited by EPD usually need a further sintering process at a relatively high temperature to resolve some of its defects, such as low fracture toughness, high brittleness, and weak bonding to the substrate. Oxidation of substrate and thermal stresses in the coating and thermal decomposition of HA are the consequences of sintering [16,17,18]. Problems caused by sintering could be mitigated by adding polymer to HA coatings [1]. Chitosan is a linear cationic polysaccharide consisting of β (1→4)-glucosamine and N-acetyl-d-glucosamine, which can be produced by alkaline N-deacetylation of chitin.



In biomedical science, chitosan has many applications, including drug encapsulation and tissue engineering scaffolds. It has also been applied as a coating material for surface modification of orthopedic implants because of its similarity to the extracellular matrix of bone and cartilage and unique physicochemical properties, like biocompatibility, non-toxicity, biodegradability, biofunctionality, antibacterial activity, and chemical resistance [1,2,13,18,19,20,21]. In the acidic medium, chitosan becomes a positively charged polyelectrolyte as a result of the protonation of amino groups [22,23]. It has been reported that adding a small amount of citric acid to the HA–chitosan suspensions improves the mechanical properties of coating, such as Young’s modulus and compression strength, and increases the size of HA-chitosan precipitated on the substrate [24]. Fabrication of HA–chitosan coatings have been investigated using various methods [18,25,26,27]. Feasibility of producing HA–chitosan coating from alcoholic suspensions using EPD method on metallic substrates has been demonstrated [1,28].



Titania has been used extensively in biomaterial applications due to its excellent biocompatibility and good corrosion resistance. Furthermore, the addition of titania nanoparticles to the HA coatings enhances the mechanical properties and therefore stability of coating [29,30]. Titania–HA bilayer coatings have more corrosion resistance and adhesion strength to the titanium (Ti) substrate in comparison to HA coatings fabricated by EPD [31,32]. Bioactivity and adherence of HA coatings to the implant can be ameliorated by adding bioactive titania powders [32]. Farnoush et al. [33] reported enhancement of adhesion strength and fracture toughness and decrease of corrosion rate of coatings in SBF by the implementation of titania to the HA coatings on the Ti–6Al–4V substrate [34]. EPD process has been used to produce HA + titania nanocomposite on Ti alloy, which is a hard coating with high wear and corrosion resistance [30,33,34,35]. Mohan et al. [35] determined that the strength and adherence of the coating to the substrate increased by sintering, whereas the corrosion resistance was decreased. Nathanael et al. [36] reported an increase in mechanical strength of HA–titania nanocoating fabricated by the sol-gel method compared to HA coatings. Kavitha et al. [37] fabricated chitosan titania nanocomposites using in vitro sol-gel method. Synthesized coatings showed high surface area, appropriate HA formation, and specific antibacterial action, which reveals the application of titania–chitosan nanocomposites for orthopedic and tissue engineering.



To the best of the author’s knowledge, fabrication of HA–chitosan–titania coatings using EPD has not been reported. In this study, HA–chitosan–titania nanocomposite coatings with various amounts of HA and titania were electrophoretically deposited. The fabricated coatings were characterized by employing SEM. Finally, the coatings’ corrosion resistance in SBF was studied.




2. Materials and Methods


2.1. Suspensions Preparation


In this work, the wet chemical method was used to synthesize HA nanoparticles [27]. Obtained spherical HA nanoparticles with a diameter of about 20–30 nm were used in order to prepare the suspensions. Chitosan (MW = 300 kDa, degree of deacetylation of about 85%), acetic acid (99.8%), and titania (21 nm) were respectively purchased from Acros Organics (Geel, Belgium), Merck (Kenilworth, NJ, USA), and Degussa (Frankfurt, Germany) and used for suspension preparation. The deposition was accomplished using the 0.5 g/L chitosan suspensions containing HA and titania nanoparticles in the mixture of alcohol and water (ethanol with 15% distilled water or methanol with 5% distilled water) containing 0.05 vol % acetic acid. The latter was added to the suspensions to propagate the dissolution of chitosan. All suspensions were magnetically stirred for 5 h followed by 10 min ultrasonication (Bandelin, Berlin, Germany, Sonopuls HD 3200, 20 kHz) to break down the agglomerates.




2.2. Electrophoretic Deposition


A two-electrode cell was applied to perform the EPD. Both substrates and counter electrode were 10 mm × 20 mm × 1 mm pieces of 316 L stainless steel. Only 1 cm2 of each plate exposed to the suspension and the remainder area was insulated, and the distance between the two electrodes in the cell was 1 cm. EPD was accomplished at 20 V/cm and for various times (0.5, 2, 4, 6, 8, and 10 min). To record the current density during EPD, a computer-connected digital multimeter (Fluke, Everett, WA, USA, 289 True RMS) was used. In order to calculate the weight of the coatings, the weight of the samples was measured after overnight drying in air and deducted by the weight of them before deposition using a digital scale with 0.1 mg accuracy (Sartorius, Göttingen, Germany, CP324s). The microstructure of the coatings deposited at 20 V/cm from the various alcoholic suspensions with the various concentrations of titania and HA nanoparticles (2 and 5 g/L was observed by a scanning electron microscope (SEM) (Electron Optic Services, Ottawa, ON, Canada).




2.3. Corrosion Resistance


Potentiodynamic polarization tests were carried out using a potentiostat/galvanostat (Autolab, Utrecht, The Netherlands) in a standard three electrode electrochemical cell with a platinum plate as the counter electrode, and a saturated calomel electrode as the reference electrode (scan rate: 1 mV/s, scan range Eocp − 0.2 to Eocp + 0.8) was used to study the polarization corrosion behavior of the stainless steel 316 L coated with HA–chitosan–titania nanocomposite as well as the bare metal in SBF at 37 °C [38].





3. Results and Discussion


3.1. Current Density


Figure 1 depicts the current density measured by multimeter during the EPD process at 20 V/cm, from ethanolic and methanolic suspensions containing 0.5 g/L chitosan and various concentrations of HA and titania. Usually, during the EPD process, an insulating ceramic layer is formed on the substrate electrode, which results in the descending trend of the current density. The relatively constant trend of current densities here is because of the existence of water molecules in the suspensions and electrolysis of water on the substrate electrode, which results in the low electrical resistance of the deposits. Due to the higher electrical conductivity of methanolic suspensions, current densities passing through the EPD circuit for methanolic suspensions are higher than ethanolic suspensions.




3.2. Kinetics of Deposition


The weight of coatings deposited from different alcoholic suspensions (methanol and ethanol) containing 0.5 g/L chitosan, 0.05 vol % acetic acid, various concentrations of HA and titania nanoparticles (2 and 5 g/L) is depicted as a function of time in Figure 2. It illustrates that the deposition weight increases with time in a linear trend that can be demonstrated by the Hamaker equation, and the slope of this line indicates the rate of deposition. As can be explained by the Hamaker Equation (1), the deposition rate increases by increasing the concentration of HA or titania nanoparticles. Higher deposition weight of coating from methanolic suspensions is because of higher electrophoretic mobility of particles in the alcohol with lower molecular weight.




3.3. FTIR Analysis


The result of FTIR analysis of coating separated from the substrate is represented in Figure 3. This spectrum shows peaks at 636 and 3580 cm−1, which are related to hydroxyl stretching vibration. The peaks correlated to the phosphate groups of HA are present at 536 and 963 cm−1. The peak at 1421 cm−1 is attributed to the carbonate bonds. Apart from the peaks attributed to the HA, other peaks also appear in the FTIR analysis curve of the coating. The peak at 1595 cm−1 is related to the NH-bonding vibrations in the amide group of chitosan. The peaks at 1091 and 1654 cm−1 can be respectively attributed to the stretch of C–O bond in polysaccharide and stretching of C=O bond in amide Ι in chitosan. The presence of peaks related to chitosan proves the adsorption of chitosan on the HA nanoparticles. Moreover, there are peaks at 1825, 3580, and 3736 cm−1 that can be attributed to hydroxyl groups attached to titania. The peak at 760 cm−1 can be related to the vibration of the Ti–O bond. Presence of these peaks demonstrates the presence of titania in the coating.




3.4. SEM Analysis


Figure 4 shows SEM images of coatings deposited at 20 V/cm from 0.5 g/L chitosan suspensions containing 5 g/L HA and 2 g/L titania nanoparticles in methanol and ethanol. It can be inferred from Figure 4 that by increasing the ratio of titania to HA, the surface of the coating becomes smoother due to the smaller size of titania nanoparticles in comparison to HA nanoparticles. On the other hand, increasing the concentration of titania results in the cracking of the coatings, which is due to decrease of the ratio of chitosan to nanoparticles and the smaller size of titania nanoparticles in comparison to HA nanoparticles, as they adsorb more alcohol, resulting in an increase of shrinkage and cracking during the drying process.



Figure 5a,b shows higher magnification of Figure 4e,f, respectively. Comparing Figure 5a,b, the coating deposited from a suspension that contains ethanol as the solvent is smoother than the one with methanol as solvent. The reason is that in methanolic suspension, adsorption of chitosan on the HA nanoparticles is lower than ethanolic suspension, and therefore methanolic suspension has more agglomeration of HA nanoparticles [26].




3.5. Corrosion Resistance


Corrosion behavior of the coatings deposited at 20 V/cm and 30 s from suspensions containing 0.5 g/L chitosan, 2 and 5 g/L HA nanoparticles, and 2 and 5 g/L titania on SS 316 L substrate, as well as the uncoated substrate, was studied in SBF at 37 °C, and the polarization curves are depicted in Figure 6. The values of Icorr and Ecorr are calculated using Tafel extrapolation and are listed in Table 1. It demonstrates that the corrosion resistance is increased as a result of the formation of coatings. Increasing the ratio of titania to HA also increases the corrosion resistivity, due to the smaller size of the titania particles which can fill the gaps between HA particles, preventing the development of crack. Furthermore, deposition rate in methanolic suspensions is higher compared to ethanolic ones, which in low solid concentration resulted in higher corrosion resistivity due to a higher thickness of coatings. Although in high solid concentration, coatings deposited from ethanolic suspensions have higher corrosion resistance due to the smoother surface.





4. Conclusions


In this work, the HA–chitosan–titania nanocomposite coatings were deposited on 316 L stainless steel from ethanolic and methanolic suspensions using EPD technique. The weight of coatings increased linearly with time of deposition because of the presence of water in the suspensions, which increased the electrical conductivity of the deposited film. Because of the higher mobility of particles in lower weight alcohols, the weight of coatings was higher in the coatings deposited from suspensions that have methanol as solvent. FTIR analysis spectrum revealed peaks contributed to HA, chitosan, and titania and demonstrated their existence in the coating separated from the substrate. Increasing the ratio of titania to HA results in smoother coatings, although a higher concentration of titania results in cracking. At low concentration of solids (HA and titania), methanolic coatings have better corrosion resistance as a result of higher thickness, but higher solid concentration resulted in cracks and rough surface, hence lower corrosion resistance. The best coating surface quality and highest corrosion resistance were achieved by deposition from an ethanolic suspension containing 0.5 g/L chitosan, 2 g/L HA, and 5 g/L titania.
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Figure 1. Current density variations during electrophoretic deposition (EPD) process from alcoholic suspensions (a,c) methanol and (b,d) ethanol, containing 0.5 g/L chitosan 2 (a,b) and 5 (c,d) g/L hydroxyapatite (HA) with various concentration of titania at 20 V/cm. 
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Figure 2. Weight of HA–chitosan–titania coatings deposited at 20 V/cm, from alcoholic suspensions (a,c) methanol and (b,d) ethanol, containing 0.5 g/L chitosan, 2 (a,b) and 5 (c,d) HA and 2 and 5 g/L titania. 
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Figure 3. FTIR analysis for powders separated from various ethanolic suspension containing 0.5 g/L chitosan, 5 g/L HA, and 2 g/L titania. 
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Figure 4. SEM images of coating deposited from methanolic (a,c,e,g) and ethanolic (b,d,f,h) suspensions containing 0.5 g/L chitosan, 2 (a,b,c,d) and 5 (e,f,g,h) g/L HA, and 2 (a,b,e,f) and 5 (c,d,g,h) g/L H titania at 20 V/cm. 
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Figure 5. SEM images of coating deposited at 20 V/cm from methanolic (a) and ethanolic (b) suspensions containing 0.5 g/L chitosan 5 g/L HA and 2 g/L H titania. 
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Figure 6. Corrosion behavior of uncoated 316 L stainless steel and coatings deposited at 20 V/cm and 30 s from methanolic and ethanolic suspensions containing 0.5 g/L chitosan, 2 and 5 g/L HA nanoparticles, and 2 and 5 g/L titania in SBF and at 37 °C. 
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Table 1. Corrosion current density (Icorr) and potential (Ecorr) for bare stainless steel 316 L and coatings deposited at 20 V/cm and 30 s from methanolic and ethanolic suspensions containing 0.5 g/L chitosan, 2 and 5 g/L HA nanoparticles, and 2 and 5 g/L HA nanoparticles in SBF and at 37 °C.
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	Suspension for Coating
	Icorr (A/cm2)
	Ecorr vs. SCE (V)





	Uncoated Stainless steel 316 L
	1.86 × 10−6
	−0.46



	Ethanol—0.5 g/L Chitosan, HA 2 g/L and Titania 2 g/L
	2.51 × 10−7
	−0.23



	Ethanol—0.5 g/L Chitosan, HA 2 g/L and Titania 5 g/L
	9.33 × 10−8
	−0.22



	Ethanol—0.5 g/L Chitosan, HA 5 g/L and Titania 2 g/L
	1.41 × 10−6
	−0.32



	Ethanol—0.5 g/L Chitosan, HA 5 g/L and Titania 5 g/L
	5.01 × 10−7
	−0.23



	Methanol—0.5 g/L Chitosan, HA 2 g/L and Titania 2 g/L
	3.16 × 10−7
	−0.27



	Methanol—0.5 g/L Chitosan, HA 2 g/L and Titania 5 g/L
	6.31 × 10−8
	−0.22



	Methanol—0.5 g/L Chitosan, HA 5 g/L and Titania 2 g/L
	1.10 × 10−6
	−0.29



	Methanol—0.5 g/L Chitosan, HA 5 g/L and Titania 5 g/L
	2.51 × 10−7
	−0.28











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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