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Abstract

Coating hydroxyapatite (HAp) on stainless steel 316L (SS 316L) by electrochemical deposition method
(ECD) was carried out to enhance the biocompatibility and corrosion resistance of metal implants for
biomedical applications. One major issue in the ECD process is the water reduction causes an abundance
of hydrogen (H2) bubbles, which subsequently contribute to forming a porous HAp coating. In this study, the
effectiveness of HAp deposition was compared between a direct current (DC) process and a superposition
alternating current-direct current (AC-DC) process. The ECD was conducted at pH 6 and 70°C, with the
DC process operating at 5 V, while the AC-DC process employed 2.5 V AC and 2.5 V DC at 60 Hz. After
deposition, the samples were annealed at 600°C for 2 hours in an argon atmosphere. The corrosion
resistance was examined by potentiodynamic polarization. Electrochemical analysis indicated that the AC-
DC superposition technique resulted in a significantly higher polarization resistance (R_p ) of 4.87 x 104
Q/cm2, compared to the DC sample (7.65 x 103 Q/cm2), with a more positive potential corrosion [(E]J
_corr) and lower corrosion current density (i_corr). The AC-DC techniques minimizing (H2) bubbles
formation and promoting smoother transition, facilitated the formation of a more homogenous coating and
effectively covered substrate surface, thus exhibiting better corrosion resistance. Furthermore, this enhanced
corrosion resistance has significant implications for biomedical applications. By prolonging implant
lifespan, reducing the release of metal ions like (nickel and chromium), and pitting corrosion in simulated
body fluid.

Keywords : hydroxyapatite - stainless steel 316L - electrochemical deposition - AC-DC
superposition - corrosion resistance

INTRODUCTION

Austenitic stainless steel 316L (SS 316L) is widely used in metallic materials because of its
biocompatibility, good mechanical properties, and low cost (Gopi et al., 2013). However, despite
these advantages, the release of metal ions such as chromium and nickel into the body and pitting
corrosion, which can cause allergies, and chronic inflammation, significantly limits the lifespan of
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SS 316L implant (Kaliaraj et al.,, 2021). Therefore, creating a stable protection layer on metallic

implants is crucial for their long term application (Koumya et al, 2021). Furthermore,
hydroxyapatite (HAp) is widely known as a bone substitute or a coating material for implanting
due to its bioactivity and osseointegration capabilities, rendering it suitable for bone implant
applications (Yan et al., 2017). Various methods have been developed for coating HAp, including
plasma spraying, pulsed laser deposition, sol-gel deposition, biomimetic deposition, and
electrochemical deposition (ECD) (Sarbjit Kaur et al, 2019). Among these methods, ECD is
interesting due to its ability to produce homogenous coatings with controlled deposition
parameters (Arul Xavier & U., 2018; Vladescu et al., 2017).

Nevertheless, a critical challenge in the ECD process is water reduction at the cathode,
resulting in hydrogen bubbles forming (Gopi et al., 2012; Li et al., 2020). These bubbles
interfere with the migration of calcium and phosphate ions, leading to premature precipitation
in the bulk solution instead of uniform deposition on the substrate (Gopi et al., 2012).
Furthermore, concentration polarization can arise when the ion mobility is lower than the
diffusion rate within the bulk electrolyte towards the substrate surface (Dev et al., 2022; Li et
al., 2020), resulting in nonhomogeneous coatings and reduced corrosion resistance (Arul Xavier
& U., 2018). Several studies have been undertaken to address the limitations above, such as
adding H,0, to the electrolyte (Thanh et al., 2013) and using pulsed current during the ECD
process (Dhiflaoui et al., 2024; Gopi et al., 2012). Some researchers have reported that during
the pulsed ECD process, the off-pulsed periods play a crucial role in optimizing deposition. The
off-pulse time allows hydrogen gas bubbles to detach from the substrate surface, and replenish
ions at the electrode surface, which subsequently reduces the concentration polarization (Gopi
etal., 2012; Li et al., 2020). However, when pulsed ECD is applied with abrupt on-off voltage
transitions, the nucleation rate of HAp becomes unstable due to voltage fluctuation.

This study explores the use of superposition of alternating current-direct current (AC-DC)
during the ECD process to overcome this limitation. In superimposed AC-DC condition,
characterized by its periodic reversal of direction, can effectively reduce concentration
polarization at the cathode (Chavez-Valdez & Boccaccini, 2012; Srimathi et al., 1982). Unlike
pulsed current, the sinusoidal waveform by the AC voltage improves smoother voltage
transitions (Lete et al., 2019), which reduces internal stress in the deposited layer (Kovac,
1971). This stabilization results in more uniform and orderly nucleations of HAp coating.
Previous studies highlight that by combining an AC component with DC, the superposition
mechanism is expected to improve ion mobility (Chavez-Valdez & Boccaccini, 2012), reduce
hydrogen bubble adherence (Kovac, 1971), and enhance the HAp layer's uniformity (Chipman
et al., 2024). This combination of smoother transitions and improved ion transport makes AC-
DC techniques (Srimathi et al., 1982) a promising alternative to address the limitation of
conventional DC and Pulsed ECD. To the best of our knowledge, coating HAp on the SS 316L
substrate via ECD using a combination of AC-DC techniques has not been reported. This novel
approach intends to increase coating homogeneity, and corrosion resistance for long-term
bioimplant applications.
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MATERIALS AND METHODS

Sample Preparation

Commercial SS 316L plates with dimensions of (30 x 15 x 3) mm3 were used as substrates for
electrochemical deposition. The substrate was polished with SiC emery papers ranging from
(P120 to P1500 grit), followed by ultrasonic cleaning with ethanol and water for 10 min. Then,
to improve the surface roughness, the polished substrate was subjected to an acid etching
treatment with a mixture of hydrochloric acid (37%), nitric acid (65%), phosphoric acid (85%),
and distilled water in the volume ratio of 3:1:1:5. After the etching process, the substrates were
rinsed with ethanol and distilled water by ultrasonic cleaner for 10 min and then dried at room
temperature.

Electrolyte Solutions Preparation

The various parameters is a main crucial for reproducibility on the ECD process, and the
parameter’s of this process were adapted from ref (Gopi et al., 2012; Puranto et al., 2024).
Specifically, the ECD process of calcium phosphate coating (CaP) on SS 316L substrate was
carried out in an aqueous solution of 0.042 M (Ca(N05),.4H,0) and 0.025 M (NH,),HPO,.
All the reagents were of analytical grade, and the solution was adjusted to have pH 6. The
deposition process was carried out by placing the SS 316L and Pt as working electrode
(cathode) and counter electrode (anode), respectively. The distance between the two electrodes
was kept at 2 cm away (as illustrated in Figure 1). The ECD was conducted by immersing the
electrodes in the electrolyte while magnetically stirring and applying a constant DC voltage of
5V for 1 h at 70°C. Meanwhile, the AC-DC sample was synthesized by applying 2.5 V AC
and 2.5V DC at 60 Hz. After ECD, the coated sample was removed from the electrolyte, rinsed
with ethanol, and dried at room temperature. Then, to obtain most of the HAp phase, the
samples were annealed at 600 °C for 2 hours in an argon atmosphere (Puranto et al., 2024).
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Figure 1. Schematic of the ECD process

Corrosion test by electrochemical testing

The corrosion test was carried out by potentiostat Parstat 4000A. In this research, the sample
was placed as the working electrode, platinum was the counter electrode, and Ag/AgCl was the
reference electrode in the Ringer medium. The composition of Ringer solution: NaCl 8.69 g/I,
KCI 0.30 g/l, CaCl2 0,48 g/l was adjusted in pH 6.4. To stabilize the open circuit potential
(OCP), the samples were immersed in the Ringer solution for 30 min. The polarization curve
was obtained in the scanning range of -0.5 V to +0.5 V at a rate of 5 mV/s with a step potential
d

https://proceedings.upi.edu/index.php/sinafi/ This is an open access article under the CC=BY @


http://creativecommons.org/licenses/by-sa/4.0/
http://creativecommons.org/licenses/by-sa/4.0/

Prosiding Seminar Nasional Fisika & International Physics Conference, 3 (1), 2024 - Page 74
Alivia Nurul Avivin, Prabowo Puranto, Maymunah Zilallah, Muhammad Prisla Kamil, Diah Ayu Fitriani, Kusuma Putri
Suwondo, Muhammad Kozin, & Masruroh
of 1 mV. The obtained polarization curve was analyzed using Ameteksi VersaStudio software
to extract the polarization parameters such as corrosion potential (Ecorr), corrosion current
density (icorr), the slopes of anodic (Pa), and cathodic (Bc) branches using the Tafel
extrapolation method. The electrochemical performances of the deposited coating were
calculated according to the Stern-Geary equation:

L BA 1
T 2.303(4, +,) R,

(1)

RESULTS AND DISCUSSION

Electrochemical Corrosion

Corrosion in metal implants is a significant challenge in biomedical applications (Koumya et
al., 2021). When a metal implant comes into direct contact with the human body, which contains
chloride, proteins, and amino acids, along with reduced oxygen concentration, these conditions
may interrupt the creation of a protective oxide layer on the implant surface, promoting
corrosion. As a result, metal ions (such as nickel and chromium) can be released, causing
toxicity (Nizami et al., 2022). This can create a variety of issues, including the release of metal
ions into the body, which can cause allergies, tissue atrophy, and chronic inflammation
(Koumya et al., 2021). Corrosion occurs when the metal substrate (SS 316L) undergoes
exposure to an electrolyte, initiating electrochemical reactions (Voisin et al., 2022). In the
Ringer solution, the chloride ions (C1™) aggressively attack the passive oxide layer (Cr,053) on
the SS 316L surface, indicating the initiation of pitting corrosion (Naghibi et al., 2014). The
chemical reaction in anodic sites:

Fe > Fe*" +2e” )

Meanwhile, at the cathodic sites, a reduction occurs, often involving oxygen and water:

0, +2H,0+4e” —40H" 3)

It should be noted that chloride ions in the solution often initiate pitting corrosion at the SS
316L surface. Aggressive CI~ ions enhanced the dissolution of Fe?* by forming soluble FeCl;,
leading to substrate degradation (Gopi et al., 2009). The HAp coating acts as a protective
barrier, minimizing the substrate’s exposure to the electrolyte and preventing metal ions
dissolution, thereby decelerating the corrosion process (Gopi, Ramya, et al., 2013). Therefore,
in this study, the corrosion resistance property of the coating through electrochemical
deposition was evaluated by polarization studies and shown in Figure 2.
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Figure 2. Polarization curve of bare SS 316L and HAp-coated samples using DCand AC-DC voltage in Ringer's solution.

The electrochemical property was evaluated through polarization studies, with the results
obtained for pristine and HAp coated on SS 316L at different voltage techniques as presented
in Figure 2. As can be observed, the polarization curve for HAp-coated samples exhibited a
more positive E.,,, compared to pristine SS 316L (—1.88 x 1071 V). Specifically, E.or
increased to —1.53 x 10~ V for samples coated under AC-DC superposition, indicating
better corrosion resistance. Conversely, for the HAp-coated specimen at DC voltage, a shift
in potential toward the active direction —2.01 x 10~ V was observed, suggesting less
effective corrosion protection. Furthermore, the sample coated under AC-DC voltage
exhibited the lowest i, valuesat 2.6 x 1077 A/cm? compared to the other samples. This
was followed by sample DC 5V and pristine SS 316L, with i.,,, value is 3.5 x 107 A/cm?,
and 4.8 x 107> A/cm? respectively. The lower of i.,,, values indicate a significant
reduction in the corrosion rate, inferring that the deposition mechanism using a
combination of AC-DC voltage produces a more effective protective layer.

Surprisingly, the polarization curve of the AC-DC sample show more positive Ecor and
lower i, compared to the other sample. Furthermore, it demonstrated the highest R,, values

among all tested samples, which measures 4.87 x 10* 2/cm?. These findings show that the
HAp layer deposited under AC-DC voltage was nobler than the DC deposited layer due to a
more homogeneous structure and better substrate coverage, thus exhibiting better corrosion
resistance. This improvement is attributed to the fact that under the AC-DC voltage
combination, the nucleation rate and crystal growth occur in a consistent and controlled manner.
Additionally, when the voltage approaches zero, Hz bubbles can escape from the metal substrate
during the ECD process. That minimum amount of H; at the metal-electrolyte interface
produces a non-porous HAp layer. In contrast, the HAp-coated sample under DC voltage and
the bare SS 316L sample show corrosion susceptibility. The thin and porous coating for the DC
sample is less effective in protecting the substrate in a corrosive environment. During the
electrochemical deposition process with DC voltage, the process occurs constantly and
continuously, leaving no opportunity for H> gas to escape from the substrate, resulting in a
porous coating. The corrosion test parameters are shown in Table 1.
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Table 1. Corrosion parameters derived from polarization curves.

Corrosion parameter from Tafel curve

Sample . A 0
(=) Eeorr®)  Ba(mV)  Be(mV) R, (=)

SS 316L 48x107° -1.88x10"1 232x107! 2.32x1071 1.05x 10°

DC 5V 3.5x107° —2.01x107! 8x 1072 9.7x 1072 7.65 x 103

AC+DC 5Vpp 2.6x1077 —1.53x 1071 1.3x107? 8.6 x 1071 4.87 x 10*

The corrosion resistance behavior of HAp coatings on SS 316L derived from various
conditions on ECD process are compared (Stango & Vijayalakshmi, 2021; Chakraborty et al.,
2016; Prasad et al., 2023) to examine the novelty of the deposition technique. The results,
presented in Table 2, demonstrate that the the AC-DC superposition method resulted in coating
with significantly higher polarization resistance values, more positive E.,;-, and lower i,
value compared to other methods. For example, Stago et al. (Arul Xavier Stango &
Vijayalakshmi, 2021) reported a polarization resistance value for ECD with DC voltage at -1.5
V, similar to those obtained by Chakraborty et al. (Chakraborty et al., 2016) using pulsed ECD.
This improvement is ascribed to the coating's increased homogeneity, which covers the
substrate and protects it from the corrosive environment. In fact, these results are significant for
biomedical applications, where the metallic implants are subjected to extreme conditions that
include proteins, amino acids, and chloride ions. The AC-DC deposition techniques improved
corrosion resistance and can prolong implant life, lower the release of harmful metal ions like
nickel and chromium, and lower the patient’s chance of developing chronic inflammation and
other adverse effects.

Table 2. Comparative study for corrosion resistance of HAp coated in SS 316L from various voltage techniques based on literature

Sampel Condition Corrosion Parameter
Method Paramet Eorr(V A 2 ) Ref
ethods arameter corr(V) lcorr(m) R, (W)
ECD _ _ 1 —6 3 Present
(DC Voltage) Vpc =5V 2.07 x 10 3.5x 10 7.65x10% o
ECD VAC = 25 |74 Present
(AC-DC dan —-153x107' 26x1077 4.87 x 10* work
Voltage) Vpc =25V
ECD Puranto
Vpc =—15V —25x1071 1.1x107° 2.4 x 10* etal.
(DC Voltage) 2024
PED . 2 1 _6 4 Safaviet
(Galvanostatic) i=5mA/cm 3.78x 10 2.19x 10 24x10 al. 2021
PED . 2 -1 _s _ Kaur et
(Galvanostatic) i=50mA/cm 3.25x 10 1.58 x 10 al. 2019

Mechanism of electrochemical deposition

The electrochemical reaction that occurs during ECD is presented in equation 3-7 (Safavi et al.,
2021).

O, +2H,0b+4e” —40H" 4)
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2H,0+2e —H,+20H" (%)
2H" +2e” > H, (6)
H,PO;” +OH~ — HPO? +H, @)
HPO, +OH™ — PO] +H, (8)

At the working electrode, H,0 and H* undergo reduction reaction, yielding hydrogen gas
and hydroxyl ions (Eg. 4-5). Hydrogen gas also resulted from the reaction of OH~ and
phosphate species (Eq. 6-7), which contradicts ECD HAp coating in term reaction efficiency
and coating quality. When the voltage or current densities increase, hydroxide production can
accelerate (Djosic¢ et al., 2021). This can lead to excessive hydrogen gas evolution during the
ECD process (Gopi et al., 2012). Furthermore, the higher current densities in ECD process in
DC voltage, concentration polarization occurs in the cathode surface. This arises from the
diffusion layer between bulk electrolyte and cathode surface, creating a gradient concentration
that hinders the transport of ions and replenishes ions at the electrode surface. This problem is
consistent with finding in previous studies that hydrogen bubbles and polarization concentration
will inhibit the deposition of HAp, resulting in a porous coating (Arul Xavier Stango &
Vijayalakshmi, 2021; Gopi et al., 2012; Li et al., 2020; Prasad et al., 2023).

The pulsed method was applied during ECD to overcome the drawback mentioned above.
In the pulsed ECD method, the electrical current is applied in on/off cycles to reduce hydrogen
gas accumulation (Chakraborty et al., 2016; Gopi et al., 2012; Prasad et al., 2023). Gopi et al.
reported that the pulsed ECD method approach on SS 316L substrate allows for longer
relaxation periods, enabling hydrogen gas to detach from the substrate surface and provide a
more homogeneous coating (Gopi et al., 2012). However, this method is applied with abrupt
on-off voltage transitions (Dev et al., 2022), lead to instability in the nucleation of HAp. As an
alternative, an AC-DC voltage combination can be applied. The sinusoidal waveform from the
AC voltage is generated from this combination, generating appropriate smoother voltage
transitions (Srimathi et al., 1982) and reducing internal stress within the deposited layer’s
(Kovac, 1971). Additionally, when the voltage approaches zero, H, gas formed can escape from
the Ca-P layer during the ECD process, further enhancing the coating quality.

The mechanism of ECD is illustrated in Figure 3. Figure 3(a) and 3(b) demonstrates the
ECD process with DC voltage, where the continuous and constant current application leads to
H2 gas to escape from the substrate, resulting in a porous coating. In contrast, Figure 3(c) and
3(d) illustrated the AC-DC superposition method. The sinusoidal waveform from the AC
voltage by this combination, resulting in suitable smoother voltage transitions that can
successfully lessen concentration polarization at the cathode. Furthermore, the Hz gas produced
during the ECD process can escape the Ca-P layer as the voltage near closer to zero, improving
the coating quality even more. On the other hand, the AC-DC superposition also induces
periodic fluctuations in the cathode potential, leading to change in ion concentration. These
fluctuations shift the potential towards more positive values (Abd El-Halim et al., 1984). This
reduces ion depletion on the cathode surface, resulting in steady ion migration and

homogeneous coating deposition (Vijayavalli et al., 1963). Furthermore, periodic fluctuations
d
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influenced by electrical solution properties, including ohmic and capacitive components, have
a direct impact on deposition rates and coating quality (Abd EI Rehim et al., 1984; Sheshadri
et al., 1981). These findings deepen our understanding of the role of electrical parameters in
optimizing reaction kinetics and deposition processes. The homogeneous coating produced by
the AC-DC method approach demonstrated superior corrosion resistance compared to DC
methods. Despite these advances, scaling up AC-DC superposition for industry presents
challenges. Including precise control of parameters like frequency and amplitude remains
critical in scaling up, which requires advanced equipment and optimized equipment use.
Addressing these challenges could facilitate broader applications in biomedical implant
manufacturing, improving coating homogeneity, reducing patient risks, and extending implant
lifetimes.
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Figure 3. Schematic process when (a) During on DC voltage, (b) Waveform of DC voltage (c) During on AC-DC voltage applied near to
zero, (d) Waveform of superimposed AC-DC voltage

CONCLUSION

The coating of HAp on stainless steel 316L has been effectively achieved by utilizing two
different techniques. The electrochemical analysis indicated that the Ecorr value of the AC-DC
samples was more positive than that of the DC sample, and the icorr Value was lower compared
to the DC sample, demonstrating better corrosion resistance. The polarization resistance of the
AC-DC sample was 4.87 x 10* Q/cm?, higher than the 7.65 x 10% Q/cm? observed with the DC
process. Additionally, the significant improvement in corrosion resistance for the AC-DC
coated layer was evidenced by a reduction in corrosion current, indicating more effective
corrosion protection. The AC-DC superposition mechanism facilitated smoother ion movement
and minimized hydrogen bubble adherence, resulting in a more homogeneous coating. This
enhanced quality of the layer contributed to its superior corrosion resistance and log-term
performance in biomedical applications.
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