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 Stainless steel 316L (SS316L) is a good candidate for metal implants due to its excellent tensile 

strength and high corrosion resistance. However, its surface needs to be improved to enhance 

biocompatibility, bioactivity, and antimicrobial functions. Among bioceramics, hydroxyapatite 

(Ca10(PO4)6(OH)2) is widely used in medical applications due to its mineral composition , which 

is similar to the natural hard tissues of the body, and its biomimetic morphology. Chitosan possesses 
attractive biological properties such as good biodegradability, non-toxicity, biocompatibility, and 

cellular bioavailability. Graphene oxide demonstrates antibacterial activity against bacteria, fungi, 

and viruses, which can help limit cancer-causing infections in surgeries. Accordingly, an HA-based 
nanocomposite (HA-CS-GO) was deposited on SS316L sheets by electrophoretic deposition. Nanoparticle 

HA was synthesized via the sol-gel method. The coating was applied at 80V for 1 minute. To study the 

products and coating, various analyses were employed, including XRD, SEM, FTIR, electrochemical 
impedance spectroscopy (EIS), and polarization analysis. The results confirmed the successful synthesis 

of HA. The nanocomposite coating (thickness ~12.7 µm) was properly deposited on SS316L. The corrosion 

resistance improved with the coating; the current density decreased from 7.6 to 1.4 µA·cm⁻². The 
mechanism of corrosion was evaluated by EIS data. The corresponding equivalent circuit was proposed, 

and the dielectric capacitor and resistance values were estimated.  
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1. INTRODUCTION 
Biomaterials, as substances engineered to interact 

with biological systems for medical purposes, are 

produced in various forms such as soft and hard tissues, 

scaffolds, implants, etc., and can be absorbable or non-

absorbable in the body. Additionally, they may have 

neutral, bioactive, biostable, or biodegradable properties 

(Dvorsky et al., 2020; Hudecki et al., 2018). The 

properties that a biomaterial must possess to be used as 

an implant include biocompatibility, corrosion 

resistance, non-toxicity, excellent mechanical properties, 

and the absence of foreign body reactions (Eliaz, 2019). 

Different materials, including metallic components, 

polymers, ceramics, or composite materials, can be used 

as biomaterials. Metallic components include Ti and its 

alloys (Liao et al., 2022), stainless steels (Verma et al., 

2023), and Mg and its alloys (Saadati et al., 2021b),  

which are chosen for their high mechanical properties, 

good corrosion resistance, and biocompatibility in 

physiological environments (Harun et al., 2018). Among 

these alloys, stainless steel is particularly effective in 

bone stabilization and other orthopedic, medical, and 

dental applications due to its excellent mechanical 

properties, high corrosion resistance, and affordability 

(Logesh et al., 2022; Wadood, 2021). Therefore, to 

enhance biocompatibility by increasing corrosion 
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resistance, bioactive and biocompatible ceramic coatings 

are developed. Hydroxyapatite (HA), a synthetic 

bioceramic, with the chemical formula Ca10(PO4)6(OH)2 

is  a ceramic biomaterial (Kuo & Du, 2022) with 

outstanding bio-features such as biocompatiblity 

(Modolon et al., 2021a) and similarity to the hard tissues 

in the body of mammals. Due to its strong bonding with 

bone tissue (Baslayici et al., 2022), HA and its 

composites are widely used in medical applications like 

implants (Choi et al., 2020) because of their high surface-

to-volume ratio, reactivity (Modolon et al., 2021), 

biomimetic morphology, and osteogenesis induction, to 

name a few (Asadipour et al., 2019; Das & Chakraborti, 

2021). One of the common methods for HA synthesis is 

sol-gel (Chen et al., 2011).  

Ceramics are often used in combination with natural 

polymers, such as chitosan, to form a uniform and 

non-porous structure.  Among natural polymers, there 

is a growing interest from researchers worldwide in 

chitosan (CS), which is a linear and cationic 

polysaccharide (Zhang et al., 2022). Due to the 

presence of amino groups in its structure, CS 

possesses attractive physicochemical and biological 

properties such as biocompatibility, biodegradability, 

hydrophilicity, non-toxicity, and high cellular 

bioavailability. Moreover, CS has acceptable 

mechanical strength, good thermal stability, and can 

combine with metals and proteins due to its specific 

chemical structure (Saadati et al., 2021a).  

Graphene and its derivatives have exhibited 

antibacterial activities against bacteria, fungi, and 

viruses (Zahra et al., 2023). Graphene oxide (GO) can be 

synthesized by chemically oxidizing graphite. GO, a 

unique material, is composed of a single monomolecular 

layer of graphite with various oxygen-containing 

functionalities (e.g., carbonyl, carboxyl, and hydroxyl 

groups) that help disperse GO in polymeric solutions and 

enhance its hydrophilicity (Guo et al., 2023; Nair et al., 

2022). GO is a biocompatible, carbon-based material, 

which is efficiently used in nanocomposite materials, 

polymer composite materials, biomedical applications, 

and catalysis (Naderi & Nadri, 2022; Sahoo et al., 2023). 

Additionally, GO exhibits a hydrophilic nature, which is 

vital for biological functionality by improving cell 

adhesion, cell viability, and boosting cell proliferation 

(Staneva et al., 2021). 

Several methods have been employed to deposit 

and form ceramic/polymeric base coatings over metal 

substrates, including electrochemical deposition 

(Perju et al., 2022), electrophoretic (EPD) (Akram et al., 

2023), sputtering (Monai et al., 2023), sol-gel 

(Shanmugapriya et al., 2022), immersion (Khalid et al., 

2013), plasma spray (Vahabzadeh et al., 2015), hot 

isostatic press (Onoki & Hashida, 2006), deposition 

pulsed laser (Dhinasekaran et al., 2021). Among these 

approaches, EPD has become popular for a variety of 

emerging applications in both academic and industrial 

sectors due to its simplicity, short processing time, 

cost-effectiveness, and ability to deposit a wide variety 

of materials and combinations (Sorkhi et al., 2019). 

Asgar et al. coated GO on titanium alloy (Ti6Al4V) 

by EPD and reported an improvement in corrosion 

resistance due to the GO coating (Asgar et al., 2019). 

It has been reported that GO in HA/CC/GO coatings 

(deposited by EPD) on AZ91D increased corrosion 

resistance by removing surface cracks (Askarnia et al., 

2021). Shi et al. deposited GO–CS–HA 

nanocomposites on a Ti substrate as orthopedic-

related implants via electrophoretic deposition and 

studied the microstructure and corrosion behavior of 

the coating (Shi et al., 2016). In another study, the HA-

GO nanocomposite coating was applied to a Ti substrate 

through EPD to improve biomedical functionality (Fardi 

et al., 2020). It has been reported that the mechanical 

properties and corrosion resistance of the coating can be 

improved with GO (Pan et al., 2023).  

Due to the importance and attractiveness of HA 

and GO for biological applications, numerous studies 

have been conducted on their composites as coatings 

over implant metals. However, the coating of GO in 

combination with HA and CS needs further study to 

examine the morphology, microstructure, and 

corrosion behavior of the coating in the body 

environment. Given the lack of systematic research 

into HA-CS-GO coatings on SS316L sheets, the 

current research aims to study the features of the HA-

CS-GO coating in detail. 

2. MATERIALS AND METHODS 
2.1. MATERIALS 

For the coating material, npHA was synthesized. 

Moreover, some chemicals were used for coating setup 

including the electrolyte. For this purpose, ethanol 

99.9%, di-phosphorus pentoxide (P2O5, Ghatran-Shimi, 

Iran), calcium nitrate (Ca(NO3)2.4H2O, Sigma-Aldrich), 

deionized water, acetic acid (CH3COOH), chitosan, 

gelatin and ascorbic acid (Sigma-Aldrich), single-layer 

graphene oxide (GO), magnesium nitrate 

(Mg(NO3)2.6H2O, Merck), and isopropyl alcohol 

(C3H8O, Sigma-Aldrich) were purchased. The SS316L 

sheets (Table 1) were substrates, which were sandblasted 

and cut into the dimensions of 20×10 mm2.

TABLE 1. The chemical composition of SS316L sheets. 

N Mo Si S P Mn C Ni Cr Fe 

0.1 2.2 0.75 0.03 0.045 2.02 0.03 12.2 17.1 Balance 

https://www.sciencedirect.com/topics/engineering/graphene-oxide
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hydrophilicity
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2.2. SYNTHESIS OF nHA 

To synthesize npHA by the sol-gel approach, the Ca/P 

molar ratio was set to 10:3. Then, 1.67 M of 

Ca(NO₃)₂·4H₂O and 0.5 M of P₂O₅ were prepared in 

separate beakers by dissolving them in pure ethanol for 

0.5 h. The P₂O₅ solution was gradually added to the 

Ca(NO₃)₂·4H₂O solution and mixed for 3 h to form a gel. 

The gel product was heated at 60 °C for 24 h to 

dehumidify. The resulting powder was calcined at 650 °C 

for 3 h to produce the white-colored HA nanopowder.  

2.3. COATING 

Coating of HA-CS-GO was performed on SS316L 

sheets using the EPD approach. For EPD, CS (0.5 g/L), 

GO (0.015 g/L), Gel (5 g/L), and HA (0.5 g/L) were 

dispersed in the electrolyte suspension. CS and Gel were 

dissolved in a mixture of ethanol and deionized water 

(80/20 volume ratio) with 0.25 cc acetic acid and ethanol. 

HA nanopowder was added to this suspension. After 5 h 

of stirring, GO was added to the solution and mixed for 

an additional 1 h. An ultrasonic probe was employed to 

disperse the suspension for 5 min. Finally, the electrolyte 

was stirred for another 5 h using a magnetic stirrer. The 

SS316L sheets were degreased in a 10 wt.% NaOH 

solution at 60 °C for 0.5 h, followed by immersion in an 

acetone solution in an ultrasonic bath for 1 h. They were 

then placed in hydrochloric acid for 1 min, washed with 

distilled water, and dried.  

For coating by EPD, a two-electrode (SS316L, 20×10 

mm²) cell was used for the substrate and anode. The 

distance between the electrodes was set to 1 cm. To 

stabilize the electrolyte, it was kept at room temperature 

for 3 days. Before coating, it was dispersed for 2 h. The 

coating process was performed at 80 V for 1 min.  

2.4. ANALYSIS 

The chemical analysis was performed using X-ray 

diffraction (XRD) with a PHILIPS XRD apparatus 

(PW1730, Netherlands, Cu Kα, λ=1.5418 Å, step 

size=0.05°, time per step=1 s). The crystallite size was 

determined from the XRD pattern using X'Pert-Pro 

software.  

A scanning electron microscope (SEM, Zeiss Sigma 

300 - Germany) equipped with EDS was used for the 

microstructural study of the synthesized powders and 

coating. The Fourier transform infrared (FTIR) spectra of 

npHA and GO were collected with an FTIR 

spectrophotometer (Thermo Nicolet NEXUS 670 FTIR, 

Thermo Scientific, USA) in absorption mode over the 

wavelength range of 400-4000 cm⁻¹. 

Potentiodynamic polarization tests (scanning speed 

of 1 mV/s and voltage from -1 to 0.9 mV) and 

electrochemical impedance spectroscopy (EIS, 

frequency range from 100 kHz to 10 mHz) were 

employed at room temperature to study the corrosion 

response of the samples in simulated body fluid (SBF) 

using a Potentiostat/Galvanostat/Impedance Analyzer 

(Metrohm DropSens, µStat-I 400s). For this purpose, G3-

89 1999 ASTM standards were followed, where the 

counter, reference, and working electrodes were a 

platinum (Pt) plate, a KCl-saturated calomel (Ag/AgCl) 

electrode, and the coated samples, respectively. The EIS 

data were analyzed using the equivalent circuit simulated 

by ZView software. 

3. RESULTS AND DISCUSSION 

3.2. SYNTHESIZED NANOMATERIALS 

Figure 1(a) illustrates the X-Ray Diffraction (XRD) 

pattern of the synthesized npHA, which was in 

accordance with the reference code JCPDS no. 09-0432. 

The average crystallite size of the synthesized npHA was 

calculated through the Debye-Scherrer equation (Eq. 1) 

from five major peaks to be 24.4 nm. The parameters of 

this equation are D, κ, λ, β, and θ, which are 

representatives of the crystallite size, constant coefficient 

(0.94), wavelength (1.54 Å), Bragg angle width, and 

Bragg angle, respectively(Modolon et al., 2021b).  

D
cos


=
 

  (1) 

Figure 1(b) shows the FTIR spectrum of the npHA 

product. The chemical groups OH⁻ and CO₃²⁻, 

characteristic of nonstoichiometric HA, were found in the 

FTIR spectrum due to the synthesis route (Gheisari et al., 

2015). There is a relatively wide absorption band at 3560 

cm⁻¹ showing the stretching vibration of the hydroxyl 

functional group (OH⁻). The absorption peaks at 3440 

and 2921 cm⁻¹ correspond to the stretching and bending 

vibrations of water absorption bonds  (Kesmez, 2020; 

Priyam et al., 2019). Two peaks at 4515 and 1460 cm⁻¹ 

are associated with the asymmetric stretching of the 

CO₃²⁻ group. Accordingly, the C from organic materials 

is not completely decomposed and may instead dissolve 

in the crystal (Mujahid et al., 2015). he peaks that 

occurred at 1039, 972, 729, 571 cm⁻¹, and 449 cm⁻¹ 

correspond to the asymmetric bending and stretching 

vibrations of the phosphate group PO₄³⁻ (Prasanna & 

Venkatasubbu, 2018).  

Figure 1(c) illustrates the microstructure of the 

produced nP-HA powder. According to the SEM images 

and measurements by ImageJ software, HA particles 

were spherical with an average size of ~31.7 nm, which 

agglomerated to form clusters with an average diameter 

ranging from 210 nm to 4.1 µm. 
Figure 2(a) shows the FTIR spectra of GO to study 

the compositions and bonding. There is a broad peak at 

3439 cm⁻¹, which corresponds to the stretching vibrations 

of the hydroxyl (-OH) and water bonds. The absorption 

at 1718 cm⁻¹ shows the stretching vibrations of the 

carbonyl group (C=O). The peak at 1620 cm⁻¹ relates to 

C=C stretching vibrations. The peaks at 1213 and 1049 

cm⁻¹ correspond to C-O stretching vibrations (Jeyaseelan 

et al., 2021; Kusrini et al., 2020).  

Figure 2(b) shows the SEM images of GO, while the 

corresponding molecular structure is illustrated in Figure 
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2(c). The SEM image in Figure 2(b) reveals that the nano-

sheets of GO are very smooth. GO has a metastable 

nature, causing the sheets to fold at the edges. This 

deviation from thermodynamic stability arises from the 

oxygen-containing functional groups in the basal planes 

and sp³ carbons, as shown in Figure 2(e) (Al-Gaashani et 

al., 2019). The covalence bonding between C atoms and 

the functional chemical groups of -OH, -O and =O is 

shown in Figure 2(c). 

 

Figure 1. XRD pattern, b) FTIR spectrum, and c) the microstructure of npHA synthesized by sol-gel method. 

 

Figure 2. a) FTIR spectrum, b) the SEM images of GO and c) the atomic structures of GO molecules.

3-2- Coating Morphology 

Figure 3(a)-(d) shows the microstructure and 

morphology of the outer surface of the HA-CS-GO 

coating on the SS316L substrate. A uniform coat is 

formed over the substrate, as shown in the OM image of 

the coating surface in Figure 3(a), although some 

microcracks are observed (pointed to by the red hollow 

arrow). The SEM images of the coating surface in 
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Figures 3(b) and (c) show the morphology of the coating 

microstructure and its constituents. In Figure 3(b), the 

coating appears relatively uniform; however, at higher 

magnification (Figure 3(c)), detailed components are 

discernible. Additionally, the agglomerations of npHA 

are shown by the blue patterned arrow, which are formed 

due to the function of CS as a binder phase. The GO 

sheets are visible in the coating, as indicated by the green 

patterned arrow in Figure 3(c). According to Figure 3(d), 

which shows the cross-section of the coated sample, the 

average coating thickness was measured from at least 10 

different positions to be 12.7 ± 2.1 µm.  

The GO sheets can be readily covered by hydrogen 

bonding (Figure 4) to stabilize HA molecules 

electrostatically (Saadati et al., 2021b). As Figure 4 

shows, the CS and HA molecules can bond together by 

forming connections between Ca²⁺ on HA and the 

primary and secondary –OH and NH₂ groups of CS 

(Dantas et al., 2019; Venkatesan & Kim, 2010). 

Moreover, the electrically charged GO can absorb Ca²⁺ 

from the molecules of HA and react with CS molecules 

to form inter- and intra-molecular hydrogen bonding. 

Accordingly, electrostatic attractions and hydrogen 

bonding form between GO and HA/CS structures. 

 

Figure 3. OM images of a) coating surface, and b) coating cross section, and c, and d) SEM images of coting surface. (Yellow and red 

solid arrows show the sub-micro pores, and GO sheet, respectively. The red hollow, and blue patterned arrows point to the micro crack, 

and npHA agglomerations, respectively.   

 

Figure 4. The structure of the GO, HA and CS molecules and their iner-molecular bonds and connections. 
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3-3-CORROSION BEHAVIOR  

In order to evaluate the corrosion behavior of the 

coating on the corrosion performance, the corrosion 

properties of the coated SS316L sheet were assessed 

through potentiodynamic polarization and 

electrochemical impedance spectroscopy (EIS) analyses 

in the SBF solution. Figure 5 shows the polarization 

curves of the substrate and the coated sample, and the 

electrochemical data for corrosion rate (current density) 

and corrosion potential, derived from the Tafel 

extrapolation lines, are presented for comparison. 

According to the results, the coated sample exhibited 

lower icorr and higher Ecorr than the uncoated SS316L 

sheet. This can be attributed to the very restricted access 

of the corrosive agents from the electrolyte to the 

substrate due to the coating. The coating has improved 

the corrosion resistance. The connection of GO with HA 

molecules creates a more compact and adhesive structure 

in the coating microtexture, which enhances corrosion 

resistance (Arul Xavier Stango & Vijayalakshmi, 2021).  

To evaluate the corrosion mechanism and 

electrochemical features of the coating in the SBF, 

electrochemical impedance spectroscopy (EIS) analysis 

was employed. The results of the EIS test, including 

Nyquist, phase, and Bode plots, are presented for the 

coated sample in SBF in Figures 6(a) to (c). The Nyquist 

plot in Figure 6(a) shows a small semicircle at high 

frequency and a broader semicircle at low frequency, 

respectively. These semicircles in the Nyquist plot can be 

related to the reactions at the coating-SBF and the SBF-

metal interfaces (Hafedh et al., 2017). Moreover, there 

are two peaks in the frequency ranges of 10,000 to 

100,000 Hz and 0.1 to 10 Hz in the phase plot (Figure 

6(b)), which correspond to the two semicircles of the 

Nyquist plot. The Bode plot in Figure 6(c) confirms the 

Nyquist and phase results and shows the total resistance 

value to be 53083 Ω.cm2. The capacitance of the coating 

was proposed by estimating the dielectric properties of 

the material through the equivalent electric circuit (EEC) 

that was fitted to the experimental EIS data. Accordingly, 

the experimental data from the EIS analysis were 

simulated by Zview software modeling, and the obtained 

EEC is shown in Figure 6(d). The acquired fitting shows 

excellent correspondence to the EIS data; in Figures 6(a) 

to (c), the lines and points represent the estimated model 

and experimental data, respectively. This model includes 

various elements in the electric circuit, such as the 

resistances and capacitances of R1, R2, R3, CPE1, and 

CPE2. The CPE (constant phase element) does not 

represent an ideal capacitor. This occurs due to the non-

parallel double layer and the roughness of the interfaces. 

R1 represents the electrolyte resistance. R2 and R3 are 

the resistances of the nanocomposite coating and the 

charge transfer (double-layer) resistance at the 

metal/electrolyte interface, respectively. CPE1 and CPE2 

correspond to the capacitances of the double layer at the 

substrate/electrolyte interface and the coating/electrolyte 

interface, respectively. Figure 6(e) presents the 

electrochemical parameters obtained from modeling the 

EIS results and shows the estimated charge transfer 

resistance at the interface to be 104,607 Ω·cm², 

indicating considerable resistance against progressing 

corrosion. 

 

Figure 5. The polarization curves of E vs logi for the bare substrate and HA-CS -GO coated sample, and the resulted data from the 

Tafel extrapolation. 
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Figure 6. a) Nyquist, b) phase, and c) Bode plots with the fitted lines of the EEC mathematical model for the coated sample, and d) a 

schematic simulation of the electrochemical events and its representative EEC model, e) the electrochemical parameters obtained from 

modeling of the EIS results. 

4. CONCLUSION(S) 
The nano-composite coating, consisting of npHA, 

CS, and reduced and functionalized graphene oxide 

(GO), was applied to an SS316L sheet using the 

electrophoretic deposition (EPD) method to evaluate the 

morphology and corrosion performance of the coating in 

biological environments. The following results were 

obtained. Additionally, npHA was synthesized by the 

sol-gel method, and the features of the product were 

evaluated.  

- The particle size and crystallite size of the synthesized 

HA nanoparticles with spherical morphology were 31.7 

nm and 24.4 nm, respectively.  

- The properties of GO were examined and confirmed 

by FTIR spectroscopy and SEM images. 

- The microstructure and thickness of the HA-CS-GO 

nano-composite coating were evaluated by SEM and 

Optical Microscopy (OM) imaging.  

- A uniform HA-CS-GO coating with an average 

thickness of 12.7 µm was properly deposited onto the 

SS316L substrate by the EPD method.  

- The corrosion behavior of the material before and 

after deposition was studied by polarization analysis, 

which confirmed the improved resistance to corrosion 

due to the coating. The current density for SS316L 

decreased from 7.6 to 1.4 µA·cm⁻² after coating.  

- The compact and adhesive HA-GO-CS coating can 

act as a barrier against the diffusion of corrosive agents 

toward the substrate.  

- According to the EIS results, the corrosion mechanism 

for the coated sample was evaluated. No significant 

sensitivity to local corrosion was detected. The 

corresponding equivalent circuit with two time constants 

was simulated, and the dielectric capacitance and 

resistance values were estimated.  

-  
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