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Abstract— This paper presents the synthesis of hydroxyapatite 

(HAp) using eggshell biowaste and electrophoretic deposition of 

the material on AISI 316L stainless steel to make it more 

biocompatible in implantation. HAp powder was synthesized 

through a hydrothermal reaction and was characterized using X-

ray diffraction, which proved that it was pure in terms of phase. 

The uniform coatings were deposited at 72 V 30-45 min after 

which they were sintered in an argon atmosphere. The coating was 

very adhesive and the critical load of the scratch test was 125 N. 

Simulated body fluid in vitro testing revealed that there was a 

slight change in pH (7.4 to 7.5) over 10 days, which implies the 

chemical stability of the material and proper corrosion protection. 

These findings show that HAp-coated 316L stainless steel is a 

promising and cost-effective biomaterial to use as orthopedic and 

dental implants because it integrates the bioactivity of 

hydroxyapatite and the mechanical strength of the metal. 
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1. INTRODUCTION 

Medical science has been progressing more and 

more on the basis of metallic implants to replace and 

support the damaged bone tissue. Medical implants 

made of metallic materials can be traced back to the 

19 th century, but the advancement occurred 

dramatically after the adoption of Lister aseptic 

surgical practices in the 1860s [1]. Metals have since 

been crucial in orthopedic surgery in both temporary 

implants such as screws and plates, and permanent 

implants such as total joint replacement [2]. 

Stainless Steel 316L is a popular metallic 

biomaterial because it combines mechanical 

properties, resistance to corrosion, and cost-

effectiveness well in comparison to other metallic 

biomaterials such as titanium [23, 25]. It is popular 

in surgical practices due to its low carbon content 

and absence of inclusions. Nevertheless, human 

body is a very hostile, chlorine-containing, and 

acidic environment [31]. Although SS 316L has 

corrosion resistance intrinsic to it, it remains 

susceptible to localized corrosion, including pitting 

and crevice corrosion, when implanted [14]. This 

corrosion results in the release of potentially toxic 

metal ions such as nickel, chromium and cobalt in 

the surrounding tissues, which may cause adverse 

reactions such as toxicity, allergy and even 

carcinogenicity [14, 15]. This is especially a problem 

in younger patients who can be subjected to these 

ions over a long period of time. 

One of the most popular methods of reducing this 

issue is to coating the metal surface with a bioactive 

and biocompatible coating. The perfect candidate in 

this regard is hydroxyapatite (HAp) whose chemical 

formula is Ca10(PO4)6(OH)2. It is the main 

inorganic component of natural bone and teeth and 

has a high level of biocompatibility, 

osteoconductivity, and a direct chemical bond with 

bone tissue [1, 2-4]. Nonetheless, HAp ceramics by 

themselves have low mechanical strength and are not 

suitable to be used in load-bearing applications. 

Thus, the bioactivity of the ceramic is coupled with 

the mechanical integrity of the metallic substrate 

such as SS 316L to avoid direct contact between the 

metal and the corrosive body fluids and to enhance 

bone formation and integration of the implant [6, 

50]. 

This project will attempt to prepare HAp powder 

using a sustainable and cost-effective bio-waste 

material (eggshells) and use it as a coating on SS 

316L substrates through Electrophoretic Deposition 

(EPD). The coated samples will be characterized to 

determine the phase composition, adhesion strength 

and in-vitro biocompatibility. 

2. MATERIAL AND METHOD 
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2.1. Materials 

Hen eggshells were taken at the local bakeries and 

kitchens and AISI 316L stainless steel sheets were 

used as the main materials. The chemicals were tri-

calcium phosphate (TCP), acetone, ethanol, 

hydrochloric acid (HCl), and Simulated Body Fluid 

(SBF) preparation reagents: NaCl, NaHCO3, KCl, 

Na2HPO4, MgCl2·6H2O, CaCl2·H2O, Na2SO4, 

and tris-hydroxymethyl aminomethane 

((CH2OH)3CNH2). Figure 1 shows the collected 

hen eggshells used as the raw calcium source for 

hydroxyapatite synthesis. 

 

Figure 1 Collection of eggshells 

2.2. Synthesis of Hydroxyapatite from Eggshells 

Hydroxyapatite (HAp) was synthesized from hen 

eggshells collected from local sources. The eggshells 

were cleaned by boiling in distilled water to remove 

membranes, dried, and ground into a fine powder. 

The powder was calcined in a box furnace using a 

three-stage thermal treatment: heating to 450 °C for 

2 h, then to 600 °C for 2 h, and finally to 900 °C for 

1 h, converting calcium carbonate to calcium oxide 

(CaCO₃ → CaO + CO₂). The resulting CaO was 

hydrated with distilled water at 90 °C to form 

calcium hydroxide (CaO + H₂O → Ca(OH)₂). This 

Ca(OH)₂ was then mixed with tri-calcium phosphate 

(TCP) in a 1:3 weight ratio (75 g Ca(OH)₂ : 225 g 

TCP) in distilled water. The slurry was stirred on a 

magnetic stirrer at 70 °C for 90 min and aged for 24 h 

to complete the reaction (3Ca₃(PO₄)₂ + Ca(OH)₂ → 

Ca₁₀(PO₄)₆(OH)₂). The mixture was filtered, and the 

solid residue was sintered at 900 °C for 2 h to obtain 

phase-pure HAp, which was finally ground into a 

fine powder for coating applications as shown in 

Figure 2 

 

Figure 2 Hydroxyapatite from Eggshells 

CaCO3 → CaO + CO2↑ 

The resulting CaO was hydrated with distilled water 

at 90°C to form calcium hydroxide 

CaO + H2O → Ca(OH)2 

The Ca(OH)2 was then mixed with tri-calcium 

phosphate in a stoichiometric ratio of 1:3 by weight 

(75g Ca(OH)2 to 225g TCP) in distilled water. The 

slurry was stirred on a magnetic stirrer at 70°C for 

90 minutes and then aged for 24 hours. The expected 

reaction was 

3Ca3(PO4)2 + Ca(OH)2 → Ca10(PO4)6(OH)2 

The aged mixture was filtered and the solid residue 

was sintered at 900°C for 2 hours to remove any 

remaining water and crystallize the HAp. The final 

product was ground into a fine powder and 

characterized using XRD. 

2.3. Substrate Preparation 

Stainless Steel 316L plates were cut into samples of 

approximately 1 cm² area. For metallographic 

observation, samples were ground using SiC emery 

paper from 60 to 1000 grit, polished with an alumina 

suspension, and etched with aqua regia. For coating, 

all samples were ultrasonically cleaned in acetone at 

50°C for 25 minutes to remove contaminants. To 

create a rougher surface for better mechanical 

interlocking of the coating, the cleaned samples were 

then immersed in a dilute HCl solution for 7 hours, 

followed by a distilled water rinse and drying.Figure 

3 showing the stainless steel substrate 
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Figure 3 Stainless Steel Substrate 

2.4. Electrophoretic Deposition (EPD) of HAp 

Coating 

A 1 wt% stable suspension for EPD was prepared by 

dispersing 6g of the synthesized HAp powder in 600 

ml of ethanol. A small amount of sodium dodecyl 

sulphate was added as a wetting agent. The EPD 

setup consisted of a 500 ml glass beaker, a graphite 

rod as the anode (+), and the prepared SS 316L 

sample as the cathode (-), positioned 2 cm apart. 

Deposition was carried out at a constant DC voltage 

of 72V for varying times (15, 30, 45, and 60 minutes) 

to achieve different coating thicknesses. After 

deposition, the coated samples were carefully 

removed and dried in air as shown in Figure 4  

 

Figure 4 Setup of EDP 

2.5. Sintering of Coated Samples 

The green coatings were sintered in a tube furnace 

under an inert Argon atmosphere to prevent 

oxidation of the steel substrate. The sintering cycle 

involved heating to temperatures ranging from 

200°C to 800°C with varying soaking times. After 

sintering, the samples were allowed to anneal in the 

furnace for 24 hours. 

 

Figure 5 Coated sample after sintering 

Figure 5 shows the final HAp-coated Stainless Steel 

316L sample after sintering in an Argon atmosphere. 

The image reveals a uniform white coating layer 

completely covering the metal substrate with no 

visible cracks or delamination. This confirms that the 

Electrophoretic Deposition and sintering parameters 

were successfully optimized to produce a well-

adhered, dense coating suitable for biomedical 

implant applications. 

2.6. Characterization 

The synthesized powder and coated samples were 

characterized using X-ray Diffraction (XRD) to 

confirm phase composition. Coating thickness and 

uniformity were observed using a Stereo 

microscope. The adhesion strength of the coating 

was evaluated using a scratch tester with a diamond 

indenter, where a load was applied until coating 

failure. In-vitro biocompatibility was assessed by 

immersing coated samples in Simulated Body Fluid 

(SBF) with an ionic concentration similar to human 

blood plasma for 10 days. The pH of the SBF was 

measured before and after immersion to detect any 

significant ion exchange. 

3. RESULTS AND DISCUSSION 

3.1. Hydroxyapatite Synthesis and XRD 

Analysis 

The synthesis was multi-step and was able to 

convert the raw eggshells to a fine, white powder of 

Hydroxyapatite. Calcination of the eggshells at 900 

C was effective in pushing off carbon dioxide to 

produce calcium oxide. The resulting hydration 
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generated calcium hydroxide that reacted with tri-

calcium phosphate to give the final HAp product. 

The total productivity was about 250 grams of HAp 

powder of 300 grams of raw eggshells, a yield of 

about 83 percent. 

To verify the changes in the phases and purity of 

the end product, X-ray Diffraction analysis was 

conducted at key steps of the synthesis.. 

 

 
Figure 6 XRD Result of Hydroxyapatite 

The XRD pattern of the final synthesized powder 

is shown in Figure 6. The diffraction pattern has 

sharp, well-defined peaks, which means that the 

degree of crystallinity is high. The significant peaks 

were noted at the 2th of about 25.9, 31.8, 32.2, 32.9, 

34.1, 39.8, 46.7, and 49.5. These highest positions 

were compared with the Joint Committee on Powder 

Diffraction Standards (JCPDS) reference data of 

hydroxyapatite (JCPDS File No. 09-0432). The 

(002), (211), (112), (300), (202), (310), (222), and 

(213) planes of hexagonal HAp characteristic peaks 

were all located and observed to be in fine agreement 

with the standard pattern. This fact confirms the 

effective synthesis of the phase-pure hydroxyapatite 

through the reaction. 

3Ca3(PO4)2 + Ca(OH)2 → Ca10(PO4)6(OH)2 

The fact that there were no major extraneous peaks 

in the final pattern that could be attributed to 

unreacted calcium hydroxide, calcium oxide, or tri-

calcium phosphate implies that the reaction had 

reached completion and that the sintering step at 900 

o C had been adequate to produce a single-phase 

product that was homogeneous. The crystallinity is 

also favorable in terms of coating because it is 

associated with long-term stability of the implant in 

the physiological environment. 

 

Figure 7 XRD Result of Tricalcium Phosphate 

Figure 8 shows the X-ray diffraction pattern of the 

powder of calcium hydroxide that was obtained after 

the hydration of the calcined eggshells, and it 

indicates that the sample has strong, sharp peaks, 

which prove the high level of crystallinity. The 

characteristic peaks were located at 2 th values of 

about 18.1, 28.7, 34.1, 47.1, and 50.8, which 

corresponded to the (001), (100), (101), (102), and 

(110) planes of portlandite (JCPDS card No. 04 -

0733). The fact that no residual peaks of unreacted 

calcium oxide (CaO) or other impurities are present 

means that the hydration step was done to 

completion. This purity and crystallinity of the 

Ca(OH) 2 intermediate is necessary in obtaining the 

appropriate Ca:P ratio in the next reaction with tri-

calcium phosphate to produce phase-pure 

hydroxyapatite
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Figure 8 XRD Result of Calcium Hydroxide 

Figure 8 shows the X-ray diffraction pattern of the 

powder of calcium hydroxide, which has been 

obtained after hydration of calcined eggshells. The 

pattern shows high and intense diffraction peaks, 

which prove a highly crystalline structure of 

portlandite. Significant peaks were observed at 2 th 

angles of 18.1, 28.7, 34.1, 47.1, and 50.8, which are 

related to the (001), (100), (101), (102), and (110) 

crystallographic planes, respectively, of Ca(OH) 2, 

as expected by the Joint Committee on Powder 

Diffraction Standards (JCPDS) card No. 04 -0733. 

No unreacted calcium oxide (CaO) or other 

impurities residual peaks were observed, which 

means that the hydration step (CaO + H 2 O Ca(OH) 

2 ) was complete. The crystallinity and phase purity 

of this intermediate are essential to the formation of 

the appropriate stoichiometric ratio of Ca:P in the 

next reaction with tri-calcium phosphate to form 

phase-pure hydroxyapatite without the formation of 

unwanted secondary phases. 

3.2. Coating Morphology and Deposition 

Parameters 

The process parameters were found to be very 

critical in the quality and uniformity of the HAp 

coating deposited through Electrophoretic 

Deposition. Constant applied voltage of 72V was the 

main variable that affected the deposition time, 

which in turn affected the coating thickness and 

morphology. The EPD process is based on the fact 

that the charged HAp particles in the ethanol 

suspension are directed to the oppositely charged 

stainless steel cathode under the action of an electric 

field. Hamaker equation can be used to describe the 

deposition mass 

𝑚 = ∫𝜇 ⋅ 𝐸 ⋅ 𝐶 ⋅ 𝐴 ⋅ 𝑑𝑡 

where m is the deposited mass, μ is the 

electrophoretic mobility, E is the electric field 

strength, C is the particle concentration, A is the 

deposition area, and t is the time. 

 

Figure 9 Nonuniform Coating Thickness 

Figure 9 demonstrates a case of uneven coating. 

This morphology was probably caused by a lack of 

deposition time (15 minutes) or the suspension 

instability causing agglomeration of the particles. 

When this happens, the coating has regions of dense, 

uneven particle deposition and other regions of bare 

substrate. This non-uniformity is not desirable in the 

case of implant applications because it may result in 

the non-uniformity of bioactivity and possible weak 

points where corrosion may start. 

 

Figure 10 Uniform Coating Thickness 

Figure 10 shows that a uniform coating was 

successful and the deposition time was optimized at 

30 to 45 minutes. The coating shows a uniform layer 

over the substrate surface having a uniform 

thickness. The optical micrograph is able to clearly 

differentiate between the dark metal substrate and 

the light HAp ceramic layer. This consistency is 
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essential to predictable in-vivo performance, where 

the whole surface is a predictable barrier to corrosion 

and a uniform surface on which the bone cells can be 

attached and grow. This uniformity was also aided 

by the acid etching pretreatment of the SS 316L 

surface that created micro-scale roughness that 

facilitates mechanical interlocking and offers a 

higher number of nucleation sites to the particle 

deposition. 

3.3. Adhesion Strength Analysis 

The bonding ability of the HAp coating and the SS 

316L substrate is a critical consideration that defines 

the long-term performance of the implant. Lack of 

adhesion may result in delamination of the coating 

during physiological loading, exposing the 

underlying metal to the corrosive body environment, 

and producing wear debris that may result in 

inflammation and osteolysis. 

A sintered sample was subjected to a scratch test 

to measure the adhesion of the coating 

quantitatively. During this test, a diamond stylus 

(Rockwell C geometry) is scanned on the coated 

surface under a normal load of increasing magnitude. 

Critical load (Lc) at which coating failure takes place 

is identified by observing acoustic emission, 

frictional force and further microscopic examination. 

Figure 10 displays an enlarged picture of the 

scratch track. The test showed that edge chipping 

was the first failure mode, which led to more severe 

spallation with the increase in the load. The first 

failure (edge chipping) critical load was measured to 

be 125 N. 

This is a very high value and it shows that there is 

a very good adhesive bond between the HAp coating 

and the substrate of SS 316L. To compare, the 

coating applied to orthopedic implants is normally 

required to have a critical load value of more than 30 

N to be able to resist surgical manipulation and 

physiological forces. These requirements are way 

below the achieved value of 125 N. Such high 

adhesion is explained by a number of synergistic 

factors. 

1. Mechanical Interlocking: The acid etching 

pretreatment created a microscopically rough 

surface on the SS 316L substrate. During EPD 

and subsequent sintering, the HAp particles 

infiltrated these surface irregularities, creating a 

strong mechanical key upon densification. 

2. Sintering Under Inert Atmosphere: Sintering 

the coated samples in an Argon atmosphere at 

temperatures up to 800°C served multiple 

purposes. It prevented the oxidation of the 

stainless steel substrate, which would have 

created a weak, brittle oxide layer at the 

interface. Simultaneously, it promoted solid-

state diffusion and neck formation between 

individual HAp particles and between the HAp 

particles and the substrate surface, significantly 

increasing the cohesive and adhesive strength of 

the coating. 

3. Clean Substrate Surface: The rigorous 

ultrasonic cleaning in acetone ensured the 

removal of all organic contaminants and oils, 

allowing for intimate contact between the HAp 

particles and the bare metal surface during 

deposition and sintering. 

The cracks and chipping observed in Figure 10 are 

a direct result of the extreme localized stress from 

the diamond indenter and are not indicative of poor 

coating quality. The failure occurs within the coating 

or at the interface only when the applied load 

exceeds the practical work of adhesion, which in this 

case is very high 

3.4. In-Vitro Biocompatibility and SBF 

Immersion Test 

The primary function of the HAp coating is to 

impart biocompatibility and bioactivity to the 

otherwise bioinert SS 316L substrate. The Simulated 

Body Fluid (SBF) immersion test is a widely 

accepted in-vitro method to evaluate the bioactivity 

and chemical stability of a material. The SBF used in 

this study had an ionic composition closely matching 

that of human blood plasma, as detailed below in 

table 1 

 
Ion Concentration in 

Blood Plasma 

(mM) 

Concentration in 

SBF (mM) 

Na⁺ 142.0 142.0 
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K⁺ 5.0 5.0 

Mg²⁺ 1.5 1.5 

Ca²⁺ 2.5 2.5 

Cl⁻ 103.0 103.0 

HCO₃⁻ 27.0 27.0 

HPO₄²⁻ 1.0 1.0 

SO₄²⁻ 0.5 0.5 

pH 7.2-7.4 7.4 

 

A coated sample was immersed in this SBF 

solution for a period of 10 days (240 hours) at room 

temperature. The pH of the solution was measured 

before introducing the sample and immediately after 

its removal at the end of the 10-day period. 

The results were as follows 

• Initial pH of SBF: 7.4 

• Final pH of SBF after 10 days: 7.5 

The negligible change in pH, an increase of only 

0.1, is a highly significant finding with profound 

implications for biocompatibility. This stability 

indicates that there was no substantial dissolution or 

precipitation of ions from the HAp coating into the 

SBF solution. The following interpretations can be 

drawn from this result: 

1. Chemical Stability: The HAp coating is 

chemically stable in a simulated 

physiological environment. There was no 

measurable release of acidic or basic ions that 

would alter the pH. This confirms that the 

sintering process produced a dense, well-

crystallized HAp layer that is resistant to 

hydrolytic degradation. 

2. Effective Barrier Function: The coating 

successfully acts as a barrier, preventing the 

underlying SS 316L substrate from 

interacting with the corrosive ions 

(particularly chloride ions) present in the 

SBF. If the coating were porous or poorly 

adhered, the SBF would penetrate to the 

substrate, leading to corrosion reactions, 

metal ion release, and a consequent shift in 

pH. The stable pH confirms that this did not 

occur. 

3. Non-Toxicity: The absence of significant 

ion release implies that the coated implant 

would not leach cytotoxic ions into the 

surrounding tissue in-vivo. This is a 

prerequisite for a material to be considered 

non-toxic and biocompatible [15-17]. 

4. Bioactivity Potential: While a pH change 

was not observed in this short-term test 

(which is good for stability), the stable SBF 

environment also provides the conditions 

necessary for the nucleation and growth of a 

bone-like apatite layer on the HAp surface 

over longer periods. The supersaturation of 

Ca²⁺ and PO₄³⁻ ions relative to apatite in the 

SBF, combined with a stable pH, can 

eventually lead to the precipitation of a new 

apatite layer, which is the hallmark of a 

bioactive material. This test confirms that the 

coating is capable of maintaining the delicate 

ionic balance required for this process. 

In conclusion, the SBF immersion test provides 

strong evidence that the HAp-coated SS 316L 

samples possess the necessary chemical stability and 

biocompatibility for further evaluation as a candidate 

material for orthopedic and dental implants. The 

coating acts as an effective shield, preventing metal 

ion release while presenting a stable, bone-like 

surface to the biological environment. 

 

4. CONCLUSIONS 

This study has been able to develop a cost-

effective and sustainable pathway in the synthesis of 

phase-pure hydroxyapatite powder using eggshell 

bio-waste and tri-calcium phosphate that have been 

verified using XRD. The hydroxyapatite was 

electrophoretically deposited onto stainless steel 

316L substrates at 72 V at optimal times, and then 

sintered under an argon atmosphere to increase the 

adhesion without oxidizing the substrate. The 

coating was found to have a high mechanical 

integrity, and the critical load failure of the scratch 

test was 125 N, which is much higher than the critical 

loads needed in implant applications. Moreover, the 

chemical stability was proved by in-vitro immersion 

in simulated body fluid where the pH was practically 

the same (7.4 to 7.5) after 10 days, which means that 

the coating is a good anti-corrosion and anti-release 

of metal ions barrier. These results show that the 

hydroxyapatite-coated stainless steel 316L has the 

bioactivity and corrosion resistance of 
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hydroxyapatite and the mechanical strength of the 

metallic substrate, which makes it a promising 

material in orthopedic and dental implants. 
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