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Abstract

The pitting corrosion of SS-316L in human body fluid leads the metallic prosthesis to lose its strength along with severe
health consequences such as metallosis condition. Hence, an effective alternative for enhancing the biocompatibility of the
SS-316L implant is the electrochemical deposition of a bioinert hydroxyapatite (HAP) coating over the metallic surface. A
dense HAP coating was successfully developed on SS-316 L in a supersaturated electrolyte containing Ca*? and PO43_ ions.
Electrochemical essays and SEM morphological observation showed the SS-316 L pitting corrosion caused by chloride
containing body fluid. The effects of the electrodeposition time and the temperature of the supersaturated electrolyte were
assessed using current—time transients, scanning electron microscopy, Energy-dispersive X-ray spectroscopy, Raman and
X-ray diffraction analyses. The increase in the temperature promotes the HAP coating formation and accelerates the particles
nucleation. An instantaneous HAP growth with no evidence for intermediate phase of HAP formation has been noticed.

Keywords Corrosion - SBF - Hydroxyapatite - PDP - Impedance - Cyclic voltammetry - Current-time transients - SEM -
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Introduction

Due to their corrosion resistance against wet and dry corro-
sion, austenitic stainless steels are considered most chosen
materials for the use in various industrial applications (Vera
Cruz et al. 1996). Their corrosion resistance is attributed
to the growth of a thin, adherent passive film (e.g., chro-
mium oxide, Cr,05 and iron oxide, Fe,0;) which protects
the structure against the corrosive environment (Khatak and
Raj 2002; Hakiki et al. 1995). The passivity is considered
as three dimensional growth of an oxide/hydroxide barrier
layer (i.e., impedes the flow of current across the metal
solution interface) and its chemical composition depends
on the stainless steel alloy and the aggressive environment
(Fattah-alhosseini et al. 2011; Gopi et al. 2007; Macdonald
2012; Oguike 2014). Austenitic stainless steels are becom-
ing the mostly widely used materials in the bioimplant
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manufacturing and their development, to enable the chemi-
cal binding to bone, never ceases to grow (Al-Rashidy et al.
2018; Kannan et al. 2005; Lopez et al. 2008). Bioimplants
could be divided into two main types: metallic materials
(which include titanium alloys, cobalt based alloys, stainless
steels, etc.) and inorganic materials such as ceramics and
hydroxyapatite (HAP) (Jamesh et al. 2012; Kannan et al.
2004). These materials are typically used to replace or repair
a damaged biological structure because of the bone and car-
tilage disorders or the trauma (Bose and Tarafder 2012; Liu
and He 2018). Specifically, 316 L stainless steel (SS-316L)
has gained a wide reputation as an implant in reconstructive
surgery due to its favorable mechanical and chemical proper-
ties. The coated SS-316L remains the metallic implants of a
special interest to stabilize a biological structure (e.g., bone
tissue) and accelerate the healing process or to replace the
damaged biological tissue (Richard et al. 2004).

The corrosion of the metallic biomaterials is a serious
health problem which worsens as the combination with
mechanical stress increases (e.g., corrosion fatigue and
tribocorrosion). Multiple consequences may occur, such
as metallosis (i.e., the tissue precipitation of metallic par-
ticles, such as cobalt and chromium, owing to the corrosion
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of joint prostheses), which can cause an increasingly severe
embolisms, allergies, atrophy of certain tissues and chronic
tissue reactions. In order to prevent these consequences as
early as possible, the metallic biomaterials implanted in the
human body should have the potential to generate a stable
protective film in salivary environment or aggressive plasma.
Hence, the stainless steels, titanium and cobalt-based alloys
are most used metallic biomaterials (Richard et al. 2004;
Niinomi 2010).

Furthermore, despite the growing importance of titanium
and its alloys as orthopaedic implants, SS-316L is very pop-
ular because of its relatively low cost, ease of manufacturing
and corrosion resistance. However, in the long term, auste-
nitic stainless steels are prone to localized corrosion (i.e.,
pitting corrosion). As the plasma environment is chloride
containing medium, it can promote the pitting corrosion.
Generally, the damages such as crack formation and peeling
off of the passive film, which results in a local depassivation
of the metallic surface, are highly caused by different cor-
rosion forms (such as tribocorrosion) (Richard et al. 2004).

Studies have shown that metallic ions, released by vitro
corrosion of austenitic stainless steel, cause the alteration
in the action human antigenic lymphocytes and inhibit the
immune response, as assessed by cell proliferation. Follow-
ing on studies conducted on the microanalysis of the cor-
rosion products in the pits vicinity in the SS-316L metallic
prosthesis, the enrichment of molybdenum on the surface
of the implant is revealed as well as the corrosion products
including iron, chromium and nickel metallic ions (Richard
et al. 2004; Schmidt 1999).

Because of their excellent bioactivity and bone similari-
ties, calcium phosphates are widely used in bone tissue engi-
neering for hard tissues (i.e., teeth or bone replacement, etc.)
(Abbass et al. 2018; Bose and Tarafder 2012; Kannan et al.
2004; Lu et al. 2004; Wang et al. 2010).

Various techniques have been performed to fabricate
calcium phosphates (CaP) including thermal spraying tech-
niques (i.e., Plasma spraying, High velocity oxy-fuel spray-
ing), vapor deposition techniques (i.e., Ion beam assisted
deposition, Pulsed laser deposition, Magnetron sputtering,
Electron-cyclotron-resonance plasma sputtering) and wet
techniques (i.e., Electrophoretic deposition, Electrochemi-
cal or cathodic deposition, Sol—-gel deposition, Wet-chem-
ical and biomimetic deposition, Dip coating, Spin coating,
Hydrothermal deposition, Thermal substrate deposition).
However, the electrochemically assisted deposition (ECAD)
is considered as an effective method for different reasons
such as, lower working temperature, the deposition of thin
film close to the chemical composition of bone mineral, con-
trol of the thickness and chemical composition of coatings,
formation of the homogeneous coatings on structured and
porous surfaces, and physicochemical stability of the coat-
ings (Azem et al. 2016; Ban and Maruno 1995; Dorozhkin
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2015; Jamesh et al. 2012; Leén and Jansen2009; Lopez-
Heredia et al. 2007; Eason 2006). The electrochemically
assisted deposition (ECAD) of HAP phases is only achieved
with electrically conductive substrates in Ca and P contain-
ing electrolytes (Ledn and Jansen 2009). The process is trig-
gered with a cathodic polarization of the substrates which
results in the formation of OH™ ions causing the increase in
the pH of bulk/substrate interface (Wolf-Brandstetter et al.
2014). Hence, the nucleation of HAP phases is produced
in the vicinity of the substrate surface. Although the elec-
trochemical reactions play a major role in the deposition
of calcium phosphate phases, the deposition using electro-
chemically assisted does not imply any transfer in charge
carriers in the sense of an electrochemical reaction (Led
and Jansen 2009).

Considering that the implant surface is the main part
interacting with the host, different deposits have been pro-
duced to improve the materials biocompatibility (Dorozhkin
2015). The electrodeposition of hydroxyapatite on SS-316
L fulfils the requirements of mechanical properties and bio-
compatibility (Assadian et al. 2015). Cakir et al. reported
four types of calcium phosphates coatings synthesized using
electrochemical deposition (ED): brushite or dicalcium
phosphate dehydrate (DCPD, CaHPO,-2H,0), monetite or
dicalcium phosphate anhydrous (DCPA, CaHPO,), octa-
calcium phosphate (OCP, Cay(HPO,),(PO,),-5H,0), and
hydroxyapatite (HAP, Ca,;,(OH),(PO,),) (Azem et al. 2016).

The hydroxyapatite constitutes the major inorganic phases
of the human hard tissues (i.e., bone and teeth) (Khatak and
Raj 2002; Hakiki et al. 1995; Vera Cruz et al. 1996). It has
been proved to be an effective material for large surgical
procedure, such as bone replacement, dental defect filling,
bone tissue engineering and drug delivery (Chozhanathmisra
et al. 2017; Dandila and Benea 2016; Gopi et al. 2011, 2013;
Kannan et al. 2003, 2004; Mixtures 2019; Souto et al. 2003;
Wang et al. 2010; Yoshinari et al. 1994; Yuan and Golden
2009; Zhang et al. 1998, 2018).

Cakir and his colleagues (Azem et al. 2016; Cakir 1985)
argued that dicalcium phosphate anhydrous is considered
as one of the precursors of hydroxyapatite HAP (e.g., which
has similar mineral composition of the human bone). Other
researchers concluded that the coating bioactivity and the
bone formation are highly related of the dissolution of the
precursors such as Ca* and PO43_ (Dorozhkin 2011; Lu
et al. 2005, 2008).

In this study, we investigate the electrodeposition of
HAP phases on SS-316L by applying a cathodic potential at
which the hydroxide ions are produced. Firstly, the corrosion
behavior SS-316L stainless steel in a simulated biological
fluid (SBF) is studied by carrying out the potentiodynamic
polarization and electrochemical impedance spectroscopy
measurements. Then, the effect of chloride ions on SS-
316L implant is thoroughly discussed. For the current—time
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transients, a supersaturated solution (SE) buffered at a pH
of 5.5 is used for the hydroxyapatite coating deposition. In
the second section of the study, the hydroxyapatite growth
is discussed as function of saturated electrolyte temperature
and electrodeposition time. The growth of HAP coatings
was characterized by using scanning electron microscopy
(SEM) coupled to EDX analysis, Raman spectroscopy and
XRD measurements.

Experimental
Electrochemical experiments

The electrochemical study of SS-316L behavior and HAP
electrodeposition was carried out using a regular three-
electrode cell assembly consisting of SS-316L as working
electrode with a surface area of 1cm?; a platinum counter
electrode, and a saturated calomel electrode (SCE) serving
as a reference electrode.

The pretreatment of samples consisted of mechanical
polishing of exposed area with silicon carbide SiC abrasion
papers of 500, 1200, 1500, and 2000 grits. Then, they were
washed with distilled water, rinsed with acetone, and dried
in air before carrying out the electrochemical measurements.
The electrochemical cell is controlled by a PGZ 301 poten-
tiostat/galvanostat which is piloted by a computer equipped
with Volta Master software that allows the calculation of the
electrochemical parameters.

Potentiodynamic Polarization curves (PDP) are recorded
at constant sweep rate of 1 mV/s in a scanning range from
—1 V versus SCE to 1.5 V versus SCE.

Before carrying out the PDP experiments, the working
electrode was immersed in the test cell for 60 min until
attaining steady state. The measurements were repeated
three times for each condition to insure the reproducibility.
AC electrochemical impedance spectroscopy (EIS) meas-
urements are carried out in frequency range of 100 kHz to
10 MHz with amplitude of 10 mV peak-to-peak using alter-
nating current (AC) signals at open circuit potential (OCP).
Double layer capacitance (Cg) and charge transfer resistance
(R.,) values are deduced from AC EIS plots.

Study of the corrosion behavior of 316L steel in the SBF
environment

Potentiodynamic polarization experiments and electrochem-
ical impedance spectroscopy were used to investigate the
corrosion behavior of SS-316L in a biological environment.

The electrochemical essays were performed in SBF solu-
tion (simulated body fluid), prepared by dissolving given
amounts of chemicals listed in Table 1. The pH of the solu-
tion was adjusted to 7.4 by adding an amount of NaOH and
using a pH meter, the temperature had been fixed at 37 °C.

Supersaturated electrolyte preparation

The electrodes were immersed in a supersaturated electrolyte
(SE) which was prepared by dissolving: 0.2839 g Na,HPO,,
0.4439 g CaCl, and 8 g NaCl, in distilled water. Then, the
pH of the supersatured electrolyte was buffered at 5.5. The
buffered solutions were used for HAP deposition. A vol-
ume of 100 mL of supersaturated electrolyte acid is used to
ensure the proper immersion of electrodes in the cylindri-
cal Pyrex glass cell. In order to perform the EIS experi-
ments at steady state, the stirrer rotational speed was set at
180 rpm and at controlled temperature of 37 °C using a bath
thermostat.

Prior to electrodeposition, cyclic voltammetry meas-
urements were carried out to determine the potential to be
applied for electrodeposition. Current time transients were
carried out for the HAP electrodeposition. In this electro-
chemical deposition, both hydrogen gas and hydroxide ions
were produced on the SS-316L surface being the cathode.

Results

Study of the corrosion behavior of 316L steel in the SBF
environment

Open circuit potential The SS-316L was immersed in the
SBF medium and was allowed to evolve thermodynamically
as function of time before reaching a steady state.

Figure 1 illustrates the evolution of the open circuit
potential of SS-316L as function of time. The potential is
changed from initial value of —360.64 mV to the more nega-
tive value of —366.09 mV and then reached a stable value.
The first open circuit potential fluctuations before 30 min of
electrode immersion (Fig. 1, inset), is typical for the compe-
tition between the passive film growth and the breakdown of
the passivity (Strehblow 1984). The corrosion resistance of
SS-316L is generally attributed to the formation of a chro-
mium oxide (Cr,0;) based passive film upon contact with
aggressive environment (Gaben et al. 2004). The potential
shift toward the negative direction could be linked to chlo-
ride ions effect, which often slow down the repassivation of
metastable pits and stimulates their stability.

Table 1 The quantities
of chemicals used for the

NaCl NaHCO; KCI

K,HPO,  MgCl, HCI(1M)  CaCl, Na,SO,

preparation of SBF solution 7.996 g

0.350 g 0224 g

0228 ¢ 0305g  40mL 0278g  0.071g

(1L)
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Fig.1 Open circuit potential as function of time for 316L steel
immersed in the SBF solution at a temperature of 37 °C and a
pH=7.4. The inset indicates a zoomed view of the potential fluctua-
tion versus immersion time

Potentiodynamic  polarization  (PDP) Potentiodynamic
polarization essays were performed out using a scan rate
of 1 mV/s commencing at a potential about —1 V more
cathodic than the OCP. Before the PDP scan, SS-316L was
left in the cell for about 60 min to attain a steady state. The
corrosion behavior of SS-316L in SBF was compared to
the SS-316L corrosion in sulfuric acid in order to discuss
the pitting potential displacement. The pitting potential is
regarded as the point where the current increases suddenly
without dropping to passive current again (Xu et al. 2018).
As for SBF medium, we note that the passivation width
is narrowed as shown in Fig. 2. The the passive plateau
ranges from 0.58 V/SCE to 0.12 V/SCE, before passivity

60 ~ Transpassivation
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~
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X
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Fig.2 Potentiodynamic polarization curves for SS-316L in SBF
medium and sulfuric acid 1 M at 37 °C
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was broken due to pitting corrosion. Table 2 lists the elec-
trochemical parameters of the SS-316L corrosion in SBF
and sulfuric acid. The pitting potential (Ep) of SS-316L in
SBF is around 100 mV/SCE, while that of SS-316L in sul-
furic acid is far higher. It is found that there is a very little
variation in corrosion potential when comparing the effect
of both media on the kinetic behavior of SS-316L general
corrosion. The corrosion potential of SS-316L corrosion, in
SBF and sulfuric acid, does not vary as much as the pitting
potential. This is consistent with the pronounced effect of
chloride ions, contained in the SBF solution, on the pitting
corrosion of the stainless steel.

This fact could be justified by the pitting corrosion of SS-
316L in SBF due to the presence of high content of chloride
ions. As for SBF solution, the potentiodynamic polarization
curve does not display the onset of the abrupt increase in
current density of Cr’* oxidation to Cr®*.

In sulfuric acid, the Cr (III) oxide being oxidized to Cr
(VI) leads most likely to the pit initiation due to the increase
in the local acidity as described by this equation (Koumya
et al. 2019):

2Cr'* + 7H,0 — Cr,03™ + 14H" + 6~ (1)

Even so, the pitting mechanism of SS-316L stainless steel
is still blurry. The pitting corrosion of wrought stainless
steels always initiates at the inclusions (Man et al. 2019).

Man et al. held that the pitting potential of 316L SS
manufactured by selective laser melting was about 0.205 V
higher than that of the wrought SS-316L in SBF, indicat-
ing that there was a significant difference in their pitting
corrosion behavior (Man et al. 2019). Sander et al. (Sander
et al. 2017) contended that the pitting potential of SLM
316L stainless steel was about 0.3 V higher than that of the
wrought sample. It was discussed that sample porosity and
the agressiveness of the medium are responsible for this pit-
ting potential difference. In the work of Talha et al. (Talha
et al. 2012), the high pitting corrosion susceptibility of type
316L was due to surface passive film with less protective to
reveal high anodic dissolution rate.

Figure 2 illustrates the evolution of the current density
as a function of the SS-316L potential in SBF medium
(pH=7.4 at 37 °C).

Lopez et al. have reported that, in the range of poten-
tials studied, SS-316L shows evidence of pitting corrosion

Table 2 Electrochemical parameters for SS-316L in SBF (pH 7.4)
and sulfuric acid 1 M at 37 °C

E,or (mV/SCE) E,; (VISCE)
SBF —480 0.100
H,S0, IM -581 1.056
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Fig.3 Nyquist and bode plots obtained for untreated SS-316L in SBF at 37 °C

Table 3 Impedance fitting values of SS-316L corrosion in SBF using
equivalent circuit

R, (@xcm?)  Q, WFxS*'xem™?) g, R, (kQx cm?)

6.998 288 0.717 45.131

(Lépez et al. 2008). It was discussed that in neutral solutions,
the passive film is usually composed of a chromium-rich
inner layer and an iron-rich outer layer. In these conditions
the passive film thickens basically because of iron oxides.
However, in acidic solutions a chromium-rich oxide film
is formed due to the slower dissolution of Cr oxides com-
pared to Fe oxides (Ldpez et al. 2008). Malik et al. (Malik
et al. 1992) have studied the influence of pH and chloride
concentration on the corrosion behaviour of SS-316 1 steel
in aqueous solutions. They argued that, at a particular chlo-
ride concentration, a critical pitting potential (E;) develops
which is sufficient to displace oxygen from the protective
oxide layer.

Electrochemical impedance spectroscopy The uncoated
SS-316L sample, immersed in SBF solution at 37 °C, was
also evaluated by EIS in order to identify the different time
constants and processes involved in the corrosion mecha-
nism. Nyquist and bode plots, obtained for untreated SS-
316L in SBF at 37 °C, are presented in Fig. 3. the corre-
sponding electrochemical parameters are listed in Table 3.
This metal/solution interface is described using Nyquist
diagrams, where the imaginary part of impedance is plot-
ted as a function of real part. The Bode plot shows the total
impedance |Zl and phase angle 0, as a function of frequency.

Figure 3 reveals that the Nyquist plot is characterized
by an incomplete capacitive loop representative of the

—{ R,

(R, } |

Fig.4 Equivalent circuits for fitting SS316L corrosion in SBF
medium

charge transfer owing to the high charge transfer resistance
(R, =45.13 kQx cm?). At the lower frequencies, the War-
burg impedance is used to model the increasing ionic con-
ductivity due to the diffusivity in the passive film. No slope
change in the Bode diagram |Z] versus frequency is observed,
thus, the interface is described by one time constant in series
Warburg impedance as the slope of the plot IZ] versus fre-
quency is near — 1/2. The diffusion process is observed at the
lower frequencies due to the circulation of the electrolyte to
reach the metal surface.

Among the equivalent circuits most reported in the litera-
ture for the SS-316L corrosion in SBF, the equivalent circuit,
given in Fig. 4, describes well the interface of the SS-316L
in the studied experimental conditions.

A purely capacitive impedance will have a phase angle of
—90°, thus a constant phase element (CPE) was introduced
to mimic a non-ideal dielectric behavior because of the
phase angle that does not reach — 70°. Besides, Nyquist plot
is depressed due to the uneven current distribution at metal/
surface interface caused by the surface inhomogeneities at
the electrode surface at nano/micro scale (e.g., roughness,
porosity, adsorption, and/or diffusion).

Jorcin et al. (2006) reported that the impedance data
for a solid electrode/electrolyte interface often reveal a

@ Springer
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frequency dispersion that cannot be described by simple
elements such as resistances, capacitances, inductances or
convective diffusion (e.g., Warburg impedance). There-
fore, the frequency dispersion is generally attributed to a
capacitance dispersion expressed in terms of a constant-
phase element (CPE). According to Fricke, the time con-
stant dispersion is the most often the result of the capacity
dispersion or to a change of the capacity with frequency
(Fricke 1932).

Different equations were discussed in the literature con-
cerning the CPE impedance (Brug et al. 1984; Losiewicz
et al. 2004). Lasia (1993) gives the impedance of the CPE
as:

Zepp = 1/(Q (jw)*), where Q is a CPE constant in
F S%~! cm™ and a is related to the angle of rotation of a
purely capacitive line on the complex plane. j is the imagi-
nary number, and is the angular frequency (o = 2zf, f
being the frequency).

The physical cencept of CPE is not clear since different
origin of the capacitance distribution have been discussed
on the literature such as: Surface roughness, heterogenei-
ties, electrode porosity, variation of coating composition,
slow adsorption reaction, nonuniform potential and current
distribution (Cérdoba-Torres et al. 2012; Hirschorn et al.
2010; Huang et al. 2007; Jorcin et al. 2006).

The large semicircle diameter indicates a very high cor-
rosion resistance for the high frequency RC time constant
(Hermas and Morad 2008). The obtained equivalent circuit
contains one constant phase element to consider the one
relaxation time constant. The CPE parameter (a,=0.71)
is intermediate between the Warburg impedance (a =0.5)
and the capacitor (n=1).

In SBF containing chloride ions, the following mecha-
nism could be suggested:

Fe + H,0 + CI” « [FeCIOH]  + e~ )
[FeCIOH]_ ;. <> [FeCIOH], 4 + €™ (rds) (3)
[FeCIOH] + H* & Fe?* + CI™ + H,0 “4)

where [FeCIOH],, is the adsorbed intermediate that is
involved in the rate determining step of SS-316L dissolu-
tion in SBF.

It should be noted that SBF is a chloride containing
biological fluid resulting often in SS-316L pitting corro-
sion. The concentration of chloride ions at the interface
SS-316L/SBF is consistently at a high level because of
chloride containing SBF solution. CI™ ions can weaken the
passive film formed on the surface of metal and penetrate
through the corrosion product layer, thus forming soluble
corrosion product (Qichao Zhang et al. 2019).
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Electrochemical deposition of hydroxyapatite phases
on SS-316L

Determination of the potential of the cathodic polariza-
tion Prior to the chronoamperometric electrodeposition of
the hydroxyapatite HAP on the SS-316L, a cyclic voltam-
metry study is required to determine the potential at which
the hydroxyapatite deposits are grown. To avoid any elec-
trochemical reaction resulting from the oxidation of the SS-
316L, we have used a platinum electrode as working elec-
trode. Cyclic voltammetry measurements were performed
in the saturated electrolytic medium (SE), the potentiostat
is set to sweep forward from —2 to 2 V and then sweep
back from 2 to —2 V with respect to the reference electrode.
Figure 5 shows cyclic voltammograms recorded at different
scan rates in the saturated electrolytic medium (SE).

CVs depicted in Fig. 5 reveal that the intensity of the
anodic and cathodic peaks is proportional to the scan rate. It
should be noted that as the scan rate goes higher, the peaks
become more observable.

Two reduction peaks are observed, one of which corre-
sponds to the production of OH™ ions which are the driving
force for the formation of hydroxyapatite deposits on the
surface of SS-316L. These ions were produced by reduction
of water H,O at a potential of —1.36 V/SCE. The cathodic
potential of H,O reduction will be applied in the next chron-
oamperometric essays for the hydroxyapatite electrodeposi-
tion. To understand the kinetics governing the H,O reduc-
tion, we have plotted the current density of the cathodic peak
as a function of the square root of the scan rate (Fig. 6).

Figure 6 shows a linear relationship between the cathodic
water reduction and the square root of scan rate. We note that

6
4 -
2 4
§ of
<
E
- 2]
——0.1V/s
-4 4 ——0.5V/s
—— 1 VIs
—— 2 Vis
-6 T T T ¥ T T T ¥ T
-2 -1 0 1 2

E (VISCE)

Fig.5 Cyclic voltammograms (CVs) recorded at different scan rates
in the saturated electrolytic medium (SE) using platinum working
electrode
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Fig.6 Current density of the H,O reduction as a function of the
square root of the scan rate in a saturated electrolyte medium (SE)

the peak current increases with the scan rate. According to
Cottrell equation (Myland and Oldham 2004), in the fast elec-
tron transfer process, the peak current is proportional to the
square root of the scan rate. This relationship may be related
to a semi-infinite linear diffusion behavior that dominates the
cathodic reaction (Lord et al. 2010). According to Berzins-
Delahay equation, this linear relation suggests that the cathodic
reaction is a diffusion-controlled process (Peng et al. 2016).

The chronoamperometric method has been carried out for
the electrodeposition of HAP coatings. This electrochemical
method is based on the cathodic release of hydroxide ions in
vicinity of the SS-316L surface and therefore the adhesion of
HAP on metallic surface.

Electrodeposition of HAP as function of the process time The
electrochemical deposition of HAP coatings on SS-316L is
described by the following equations, these chemical reactions
are occurring in the vicinity of the SS-316L (cathode) elec-
trode. This following reaction reveals that the local pH on the
cathode surface is increased relative to bulk electrodeposition
solution as result of the water reduction (Peng et al. 2006).

2H,0 4+ 2e” < H, +20H" )

The hydroxide ions engaged in the following acid-base
reactions lead to an increase in the local phosphate ion
concentration:

OH™ + H,PO; < HPO;™ + H,0 (6)

HPO?™ + OH™ < PO}™ +H,0 (7

The following precipitation reactions should be taken
into account:

10Ca** + 6PO;” + 20H™ « Ca,((PO,) (OH), ®)
3Ca’* +2PO;” + nH,0 < Cas(PO,), * nH,0 )

8Ca”* + 6HPO,™ + 5H,0 < CagH, (PO,), * 5H,0 + 4H*
(10)

Ca** + HPO;™ + 2H,0 < CaHPO, + 2H,0 a1

According to these electrochemical/chemical reac-
tions, CaP phases precipitate over the SS-316L surface
and therefore lead to the formation of a thin coating on the
stainless-steel cathode. Peng et al. reported different fac-
tors affecting the coating fabrication such as stirring rate,
distance between the working and counter electrodes, and
amplitude of applied voltage and pulse frequency (Peng
et al. 2006). According to the literature, the transport of
electroactive species (HPO42_ ions) occurs through hemi-
spherical diffusion regions developed around each single
nucleus. However, the hemispherical diffusion radius
of these rays increases with time. During this stage, the
transport of electroactive species (HPO,~ ions) to nuclei
formed on the surface occurs through hemispherical dif-
fusion zones developed around each individual nucleus
(Katic et al. 2013). However, as the time goes by, the
radius of these hemispherical diffusion zones increases
due to the nuclei growth, and the zones start to overlap,
which ultimately leads to forming a planar diffusion zone
(Katic et al. 2013).

Gopi et al. (2011) studied the electrodeposition of
hydroxyapatite onto borate passivated surgical grade stain-
less steel. It has been demonstrated that as the constant
value of potential, used for electrochemical deposition,
increased to — 1400 mV/SCE, hydroxyapatite became the
major phase of deposits. It is demonstrated that the elec-
trochemical deposition results in an increasing pH at the
interface due to electron incorporation to form OH™ ions
and H, through water reduction. As excess OH™ is pro-
duced, HAP can be deposited on the cathode surface by
the following reaction:

10Ca®* + 6PO]~ + 20H™ < Cay,(PO,) (OH), (12)

It has been revealed that the fabrication of HAP at high
potentials (— 1600 mV/SCE) generates reaction bubbles in
the vicinity of the electrode which affects the uniformity
of calcium phosphate deposition. Therefore, it was demon-
strated that the electrodeposition at — 1400 mV/SCEis the
most suitable potential to obtain a uniform coating on SS-
316L (Gopi et al. 2011).
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Scanning Electron Microscopy (SEM)

The surface morphology of as prepared coatings fabricated
at different immersion times were investigated on a TES-
CAN VEGA3 SEM (accelerating voltage 20 kV). After con-
ducting current time transient assays, the SS-316L samples
were taken out of the cell and cleaned with deionised water,
and then dried for SEM analyses. Figure 7 shows the SEM
morphology of SS-316L coatings fabricated at different
immersion times (magnification 1.00 k).

For the immersion of the uncoated SS-316L in SBF,
we note that the surface is highly pitted owing to chloride
containing SBF, the surface appears the presence of differ-
ent pits on the sample surface along with some scratches
because of the surface polishing. It can be seen that local
sites have been attacked owning to the most obvious local-
ized corrosion. Chloride being a relatively small anion with
high diffusivity interferes and penetrates toward the passive
film causing deleterious effects (Balamurugan et al. 2006).
Figure 8-a shows many uncovered pits over the SS-316L
surface, indicating that the most metastable pits initiated
in SS-316L surface were converted within less than 1 h to
stable pits (Sander et al. 2017).

Figures 7 and 8 show that the SS-316L appears a com-
pletely covered surface for the period of 30 min, However,

Fig.7 SEM micrographs of the
electrodeposited HAP coating
on SS-316L as function of time:
a immersed uncoated SS-316L
in SBF for 24 h, b 30 min HAP
electrodeposition, ¢ 1 h HAP
electrodeposition, d 3 h HAP
electrodeposition

SEM HV: 20.0 kV
View field: 264 ym
SEM MAG: 1.05 kx

WD: 7.97 mm
Det: SE
SM: RESOLUTION

11l
50 um

SEM HV: 20.0 kV
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for long period of immersion, the deposits are intense in
some areas but not over the entire alloy surface.

The micrographs of hydroxyapatite coated 316L steel for
different immersion times indicate that the dense deposit is
obtained for short immersion times. The corresponding EDX
data (a), (b) and (c) shown in Table 4 reveal the hydroxyapa-
tite elements (Ca, P and O) of the deposit, and also the ele-
ments of the substrate due to the fact that the surface is not
completely covered.

The decrease in the percentage of the Fe, Cr and Ni of
the substrate as shown in Table 4 undoubtedly evinces that
the substrate surface is coated with HAP which prevents the
detection of SS-316L alloying elements. There are also some
percentages related to the Cl and Na for different coatings,
which come from the electrolyte solution.

As shown in Figs. 7 et 8, the dense and uniform coat-
ings are observed for the short period of electrodeposition.
As for 30 min of electrodeposition, we observe different
electrodeposited phases corresponding to the nucleation
and growth of hydroxyapatite crystals. The weak deposits
observed at long periods could be explained by the release of
the pre-adsorbed HAP layer with long periods of immersion.

The high carbon percentage of the deposited coating
at 1 h and 3 h may be attributed to the formation of the
carbonate apatite of low crystallinity as the temperature

Mo o

1 | I

50 um

L R
VEGA3 TESCAN

VEGA3 TESCAN SEM HV: 20.0 kV'
View field: 275 ym

SEM MAG: 1.01 kx

WD: 9.47 mm
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Fig.8 Magnified SEM micro-
graphs of the electrodeposited
HAP coating on SS-316L as
function of time: a immersed
uncoated SS-316L in SBF for
24 h, b 30 min HAP elec-
trodeposition, ¢ 1 h HAP
electrodeposition, d 3 h HAP
electrodeposition

v

L4

.

EDS Spot 1
a4y

-~

Table 4 EDX mass percentage

El t b d
of the electrodeposited HAP emen (@ ® © @
coating on SS-316L as function Spotl Spot2 Spotl Spot2 Spotl Spot2
of time: (a) immersed uncoated
SS-316L in SBF for 24 h, (b) Fe 63.26 5.85 28.64 2.72 65.19 7.83 18.35
30 min HAP electrodeposition, Cr 16.89 1.88 8.39 0.74 17.74 2.28 5.28
():1 h HAP electrodeposition, Ni 9.96 - 3.89 0.18 10.18 1.01 2.53
(d): 3 h HAP electrodeposition
Na - 20.61 21.52 6.55 - 36.53 24.68
Cl - 20.88 13.00 7.64 - 26.26 17.10
C 4.67 - - 4431 3.44 14.21 19.13
(0] 1.21 24.53 10.38 2391 - 8.81 8.21
Ca - 17.20 8.25 6.82 0.41 1.02 2.04
P - 9.04 5.13 4.10 0.14 0.85 1.35

of SE medium increases. Previous studies demonstrated
that calcium phosphate coatings on titanium plate by the
electrochemical method in a simulated body fluid were
carbonated calcium phosphates with low crystallinity
(Ban and Maruno 1995),

In the work of Al-Rashidy et al. on the orthopedic bio-
active glass/chitosan composites coated 316L stainless
steel by green electrophoretic co-deposition, it has been
demonstrated the formation of newly carbonated HA layer
(Al-Rashidy et al. 2018).

Effect of temperature on the electrodeposition of HAP
particles

Current time transients Figure 9 shows the current time
transients corresponding to the HAP electrodeposition on
SS-316L as function of SE temperature, performed a con-
stant potential of —1.36 V/SCE for one hour at a pH of 5.5.
The resulting current time transients are a typical response
of an electrochemical nucleation and growth of HAP layers.
Two stages of HAP production are occurring: In the first
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Fig.9 Current time transients for HAP coating formed on SS-316L in
SE obtained by applying a potential of —1.36 V/SCE for duration of
60 min at different temperatures

stage, the nucleation of the HAP over the SS-316L as evi-
denced by the increase in the current density. Then, the cur-
rent density reaches a constant value indicating the growth
of HAP phases resulting in forming a dense layer. As for

Fig. 10 SEM micrographs of
electrodeposited HAP coating
on SS-316L as function of
temeprature: a 25 °C, b 30 °C, ¢
40 °C,d 50 °C

SEM HV: 20.0 kV. WD: 9.75 mm
View field: 273 ym Det: SE 50 ym
SEM MAG: 1.01kx = SM: RESOLUTION

e

SEM HV: 20.0 kV
View field: 138 um Det: SE 20 ym
SEM MAG: 2.00kx = SM: RESOLUTION
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30 and 40 °C, we note a very slow nucleation kinetic as the
stable current density value is not reached. The current den-
sity value reached after one hour decreases with increasing
temperature (at 50 °C, i, =—3.5 mA/cm?).

The shape of current—time transients observed is char-
acteristic of nucleation and growth processes of HAP.
The rapid increase in current density at very short time is
explained by the growth of new HAP nuclei. The coales-
cence of the neighboring diffusion fields with localized
spherical symmetry generates a maximum current density.
The decay of current density may be ascribed to a planar
electrode diffusion (Peng et al. 2016; Scharifker and Hills
1983). Katic asserted that during the nucleation stage, the
transport of electroactive species (HPO42_ ions) to nuclei
formed on the surface occurs through hemispherical diffu-
sion zones developed around each individual nucleus (Peng
et al. 2016).

Morphological characterizations of the coatings

SEM morphological analysis SEM micrographs (Fig. 10)
clearly indicate the growth of HAP phases over the SS-316L
for all studied electrochemical deposition. As the tempera-
ture increases, we note a dense agglomerates of calcium
phosphate (Ca—P) with a clumped distribution over the sam-

SEM HV: 20.0 kV WD: 10.62 mm Ll L VEGA3 TESCAN|

View field: 277 um Det: SE | 50 ym
SEM MAG: 1.00 kx SM: RESOLUTION ‘
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Table 5 EDX mass percentage

. Element (a) (b) (¢) (d)

of electrodeposited HAP

coating on SS-316L as function Spotl Spot2 Full area Full area Spotl Spot2

of temperature: (a) 25 °C, (b)

30 °C, (c) 40 °C, (d) 50 °C Fe 5.85 28.64 30.28 36.73 1.55 28.12
Cr 1.88 8.39 8.67 10.38 0.56 8.09
Ni - 3.89 4.08 5.09 - 3.90
Na 20.61 21.52 9.85 13.90 33.67 6.46
Cl 20.88 13.00 492 7.57 34.47 8.68
C - - 3.44 3.10 - 1.31
(6} 24.53 10.38 16.55 9.40 4.75 6.65
Ca 17.20 8.25 13.42 747 16.34 24.66
P 9.04 5.13 7.95 4.88 8.11 11.12

Fig. 11 Magnified SEM micro-
graphs of electrodeposited HAP
coating on SS-316L as function
of temperature: a 25 °C, b
30°C,c40°C,d50°C

()

ple surface. These results are corroborated with mass per-
centage of HAP elements (Ca, P and O) as listed in Table 5.
It should be noted that substrate surface exhibits dense
coating as the temperature attains to 50 °C. Figure 11d
illustrates that the SS-316L surface is highly covered with
agglomerated HAP particles (i.e., dense and uniform pre-
cipitation). The surface has more white clumped spherical
clusters related to the supersaturated solution precursors as
shown by the EDX listed in Table 5. The increase in the
mass percentage of the elements Na, CI, Ca, P and O evi-
dences clearly the reinforced HAP coating with the temper-
ature increase. In contrast, for 25 °C, the SS surface appears
so many bare surfaces regions with a local HAP growth.

:

3

ms )

(d)

The SEM micrographs prove that the deposited coating has
two distinctive regions: conductive substrate surface and
non-conductive area of hydroxyapatite agglomerates. The
brightness of the non-conductive coating of HAP results
from the HAP’s feature to hold the electric charge, while
the conductive areas of SS-316L bare surface remains rela-
tively darker. The micrograph of HAP electrodeposition at
50 °C, as shown in Fig. 11-d, depicts a bright grain-like par-
ticles with a size ranging from almost 2 and 5 pm. Whereas,
The HAP particles size seems to be decreased compared to
the other electrodeposition temperatures as no particles are
clearly distinguished at the magnified images despite the
fact that the micrographs are taken at the magnified scale.
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The magnified SEM micrographs of SS-316L surface
at different temperatures of electrochemical deposition are
presented in Fig. 11. The spherical shaped particles (white
areas) observed in the micrographs, obtained for 50 °C, are
due to the presence of Na and Cl resulting from the dis-
solved precursors such as Na,HPO,, CaCl,, NaCl. The spot
elemental analysis of the coating fabricated at 50° shows
the decrease in the mass percentage of the SS-316L alloying
elements (e.g., Fe, Ni, Cr) compared to the studied tempera-
tures (Table 5-d).

The high Ca to P mass ratio calculated using the EDS
mass percentage was obtained for the local analysis of the
HAP coating fabricated at 50 °C: Ca/P mass ratio is around
2.21 for spot 1 at 50 °C, whereas for all temperatures does
not exceed the threshold of 2. Although the electrodeposited
HAP coating is relatively bonded uniformly, the tempera-
ture increase leads to improve the adhesion and the bonding
strength of the HAP coating.

Ben et al. investigated the electrodeposition of calcium
phosphate coatings in SBF medium. It was shown an amor-
phous growth of the coating at 5, 22 and 37 °C. Whereas,
those formed at 52 and 62 °C contained Mg(OH),, CaCO,
and carbone apatite of low cristallinity. It is concluded that
the diffusion process is a rate determining step in the elec-
trochemical synthesis of calcium phosphate in the studied
temperatures (Ban and Maruno 1995).

Thanh et al. (Thanh et al. 2013) held that the deposition
temperature can affect the hydroxyapatite by the change in
the reaction rate as well as the diffusion rate of ions. It was
explained that the high temperatures result in high diffusion
rates which promote the growth of HAP coating or the bulk
precipitation. Their results are in good agreement with the
present findings. Moreover, as the temperature increases, the
coating deposition is favored with the accelerated particles
nucleation. However, they stated that, for a high adhesive
strength between the coating and the substrate, the HAP
electrodeposition should be performed at lower temperatures
to decrease the hydrogen bubble on the substrate (Drevet
et al. 2018; Lopez-Heredia et al. 2007; Thanh et al. 2013;
Zhang et al. 2005).

Raman spectroscopy

Raman spectra were recorded in raman spectroscopy
(Confotec MR520) with laser of wavelength (1=532 nm).
Raman analysis was carried out to identify the formation
of hydroxyapatite on the surface of SS-316L samples. Fig-
ure 12 illustrates the different spectra obtained using Raman
spectroscopy analysis at different temperatures. The corre-
sponding positions and allocations of the different peaks are
gathered in Table 6.

Raman spectra for uncoated substrate and as synthe-
sized HAP/SS-316L at different temperatures are shown
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Fig. 12 Raman spectra for uncoated substrate and as synthesized
HAP/SS-316L at different temperatures

Table 6 Raman shift and

. Raman shift Attribution

attribution of t'he HAP (cm™")

electrodeposition on SS-316L

as function of temperature 420 v, PO,
576 v, PO,
946 v, PO,
1432 v3 PO,
1604
1700
2920 vs OH

in Fig. 12. Different characteristic peaks are observed: a
characteristic v; (PO,), v, (PO,), three peaks v; (PO,) and
a peak v, (PO,). All these bands were assigned to the inter-
nal vibration modes of the phosphate groups. There is also
a single intense band that is attributed to the hydroxide
ions of hydroxyapatite v5 (OH) at 2920 cm™'. As evident
from Fig. 12, the high intensity of characteristic peaks v,
(PO,), v, (PO,), v, (PO,) and vs (OH) is associated with
the as received coating synthesized at 30 °C. At 50 °C. It is
clearly seen that the HAP characteristic are very low. These
results seem to substantiate the SEM micrographs obtained
for various temperatures of electrodeposition. Therefore,
there is evidence to suggest that the adsorbed HAP con-
tent decreased with increasing the electrochemical deposi-
tion temperature. In other words, the high temperature of
the deposition solution medium could have influenced the
adhesion of the HAP coating and results in the pre-adsorbed
HAP phases. The electrodeposition of HAP at all studied
temperatures shows an instantaneous HAP growth as there
is no evidence for intermediate phase growth of HAP. Ren
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Fig. 13 XRD patterns of uncoated substrate and the HAP coating on
SS-316L

et al. have studied the electrochemical deposition mechanism
of calcium phosphate coating in dilute Ca-P electrolyte sys-
tem, they have proved the direct deposition of HAP with no
intermediates (Hu et al. 2009).

X-ray diffraction (XRD)

To study the HAP growth on SS-316L substrates, the as
received samples were analyzed by X-Ray diffraction
(Rigaku, Cu Kal, 1=1.5418 10\). Figure 13 illustrates X-ray
diffraction patterns for uncoated substrate and electrodepos-
ited HAP coating on SS-316L for 1 h at 25 °C. The XRD
patterns indicated that the coatings were composed of an
apatitic phase with a low crystallinity.

Figure 13 illustrates the XRD pattern of the uncoated SS-
316L and the HAP coating on substrate using potentiostatic
deposition for 1 h at — 1.36 V/ECS. The XRD patterns show
the presence of three well resolved peaks for the uncoated
substrate, located at 20=44°, 260 =51° and 20="75°, cor-
responding, respectively, to the crystalline planes (111),
(200) and (220). According to the literature, these are the
characteristic peaks of 316L stainless steel, which can be
attributed to iron, chromium and nickel (i.e., Fe, CrO, FeO,
NiO) (Thanh et al. 2013). The diffractogram of HAP coated
SS-316L displays a characteristic peak related to the HAP
coating, resolved at 20 =32° corresponding to the crystal
plane (211) which is characteristic of hydroxyapatite crys-
tals according to the standard JCPDSN° 01-073-0293. Many
authors reported the crystal plane (211) resolved almost at
30° as a typical XRD peak of HAP coating. Thanh et al.
reported a second HAP characteristic peak at 20 ~26° cor-
responding to the (002) crystalline plane. Different authors
found that the diffraction peak (002) is the strongest peak in
the XRD pattern, therefore, concluded that the HAP crystals

grow perpendicularly to the substrate surface (c-direction)
(Prado Da Silva et al. 2001; Rusu et al. 2005).

Conclusions

Out of this study it can be stated that:

The present study seeks to discuss the electrochemical
deposition of HAP coating on SS-316L as function of the
electrodeposition time and temperature. The potentiody-
namic polarization study showed that the pitting potential
of SS-316L in SBF was more negative than that of sulfuric
acid 1 M. SEM study confirmed that the simulated body
fluid promotes many stable pits.

For the chronoamperometric electrodeposition of HAP,
a cathodic potential of -1.36 V/SCE, corresponding to the
OH™ release, was determined to be an effective potential.
A dense coating is observed for the short period of elec-
trodeposition. At high temperature (i.e., 50 °C), the cur-
rent time transient showed the characteristics of nucleation
and growth of HAP phases. SEM morphological analysis
revealed highly agglomerated clusters of HAP. The increase
in the temperature promotes the HAP coating formation and
accelerates the particles nucleation. The as-grown coating
on the SS-316L substrates were characterized using Raman
and XRD analyses. Different characteristic peaks of HAP
were observed with the increase in the Raman intensity as
the supersaturated solution temperature increases. XRD cor-
roborated the previous findings and suggested the formation
of low crystallized HAP phases.
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