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ABSTRACT

Nitrogen ions (70 keV) were implanted on composite coatings containing
polymer/Mg (magnesium)-Ag (silver) ions co-incorporated hydroxyapatite which is
developed by microwave irradiation. Average crystallite size of modified coatings is reduced
to 80% compared to pristine. The variation of bond strength of modified coatings is realized.
The electrical resistance (77%), microhardness (4.3%), roughness (4.5 times) and pore size
are enhanced on the modified coatings. Superhydrophilic surface is tuned to hydrophobic on
implantation. At higher fluence (1x10'" ions/cm?®) depicted an enhanced corrosion potential
compared to the other coatings. Thus, the new insight of modified coatings is realized by
correlating phase-structure, surface and anticorrosion.
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1.Introduction

Metals have been employed as orthopedic implants owing to their better mechanical
strength. However, when they are in contact with the body fluid, toxic ions were released that
could damage the surrounding tissues [1, 2]. Moreover, the metals are not bioactive and
possess a weak adhesive strength with nearby tissues. In order to address this, bioceramics
such as hydroxyapatite (HAp) has been used for coating on metallic substrates to improve the
growth of bone at prosthetic boundary. Biocompatible of HAp is analogous to human bone
composition and structure reported by Capello et al. which has weak resorbable [3-5].
Various techniques have been employed for the HAp coating onto the metallic substrates
such as sol-gel [6], pulsed laser deposition [7], electrochemical deposition [8], biomimetic
[9], plasma spraying [10, 11], electrophoretic deposition [12-14], ion beam sputtering [15],
cold isostatic pressing [16], laser engineered net shaping [17] and electron beam evaporation
[18]. In this work, microwave assisted technique is developed for coatings. It is one of the
effective routes to offer many advantages such as low cost, process simplicity, and
simultaneous usage of multi-substrates for uniform depositions.

Generally, the bond strength of bioactive coating with the metallic substrate was weak
[19-20] and can be improved by sintering process [21]. However, the sintering at high
temperatures deteriorated the HAp coating adhesion and partially converted to tricalcium
phosphate (TCP) which easily dissolves in bodily fluids. In order to improve the HAp
adhesion, polymeric binders can be used. A synthetic water-soluble polymer (polyvinyl
alcohol) can be used as a binder with HAp to act as crystallization promoters. Further, the
polymeric additives provide a good adhesion to the substrate which retaining the bioactivity
[22-23].

Biocompatible metal ions have been used for a rapid bone growth which aiding to reduce

infection. The metal ions such as magnesium, sodium, fluoride, strontium, zinc, iron, copper,
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etc., are present in human bone [24, 25]. Apart from them, the magnesium ions play a vital
role in stimulating osteoblast proliferation; its deficiency causes bone brittleness, and bone
loss [26]. Recently, post-surgery and treatments have been augmented due to the growth of
microorganism to decrease the bone growth rate. In order to address the significant impact,
antimicrobial agents [27] can be utilized to resist the microbial growth on coatings. Silver is
one of the well known antimicrobial metal ions [28]. Here, the silver ions are employed with
magnesium ions to provide multi-functions which granting advanced coatings.

Even though, the coatings have rapid bone growth rates and resistant to microbes
however, another major issue of the coatings is biocorrosion nowadays. Since, the corrosion
is associated with the surface phenomenon in which bodily fluid interacts with the coating
surface. Further, it leads to a rapid or slow leaching on the surface of coating depending on
the ionic interactions. In order to sort out this issue, the surface of coating should be tuned or
modified for optimized degradation rate thereby; the corrosion rate can be controlled to
improve cell proliferation. Different techniques have been utilized to modify the surface of
the implants viz., micro-arc oxidation [29], plasma-based low-energy ion implanted [30],
laser [31], ion beam and laser processing [32], double-glow plasma [33], ion beam [34]
chemical etching [35], microwave [36], etc. In this work, the low energy surface modification
is used to control the structure, phase and bonding which facilitating to enhance the corrosion
resistance and mechanical strength. Further, it also depends upon the chemical effects of the
implanted ions, energy, ion fluence rate and localized heating during the implantation [37-
39]. It only modifies the surface and not affecting the underlying bulk properties of the
material. Besides, it tailors other surface properties of the coatings such as surface roughness,
surface charge/energy, pores and wettability which play a crucial role to the corrosion
resistance.

Nitrogen and argon ions were implanted on HAp coatings to enhance the mechanical

strength [40]. lon beam mixing technique has been used to improve the HAp adhesion on
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titanium substrate [41]. Cell adhesion, bioactivity, and wettability of the biomaterials were
improved by irradiation [42] and ion beam [43]. Enhanced vascularisation, cell growth,
protein adsorption, mechanical strength, and corrosion resistance were attained due to the
accumulation of surface defects and ballistic effect of nitrogen ions [44]. Moreover, the
mechanism of enhanced corrosion resistance of materials by ion implantation is not yet
explored clearly. In the present work, the effects of nitrogen ion implantation on polymer
encapsulated magnesium and silver ions co-incorporated HAp nanocomposite coatings are
examined. Further, the new insight into the coexistence of crystalline-partial amorphous,
disorder, vacancies and new bond formation are correlated to corrosion resistance of the
coatings. By varying ion fluences, how it creates oxygen vacancies, localization and
delocalization of electrons are responsible for a superior anticorrosion discussed. To the best
of our knowledge, there is no detailed new insight into the surface-modified coatings. It
provides to develop next generation anticorrosion materials with best performance.

2. Experimental methods
2.1. Methods and Materials

The wet chemical route was employed to synthesize Mg-Ag ions co-incorporated HAp
using AR grade reagents (Merck). The solution of diammonium hydrogen phosphate (0.6 M)
was synthesized using the triple distilled water. Further, the solution of calcium nitrate
tetrahydrate (1.0 M) was mixed with magnesium nitrate hexahydrate (0.1 M) and silver
nitrate (0.1 M). Eventually, it was added to the diammonium hydrogen phosphate and
ammonia solution was used to adjust pH to 10 which mixed for 2 h. Then, the solution was
irradiated by microwave (900 W) for 30 minutes and dried at 80°C (oven) and denoted as
MgAgHAD.

Titanium substrates (10 mmx10 mmx1 mm) were employed for coating. Then, the
MgAgHAp (0.5 gram) was mixed to polymer (PVA) (0.2 gram) for preparing the polymer
based nanocomposite. This solution was irradiated by microwave with metal plates for 2 min.

4



Subsequently, the coatings were dried in an oven at 60°C. This forms as a pristine sample of
modified HAp (MgAgHAp) and labeled as p-mHAp. Using 150 kV Accelerator (AMSS,
MSG, IGCAR, Kalpakkam, Tamil Nadu, India), nitrogen ions (N") (70 keV) were implanted
on the coatings with varying ion fluences 1x10', 5x10', 1x10"" and 2.5x10"7 ions/cm’
attributed as 116-mHAp, 516-mHAp, 117-mHAp and 2517-mHAp respectively. The ion
beam current was in the range 350-400 nA monitored during ion collisions and their range
302 nm calculated by a software SRIM-2008 (SRIM and TRIM, http://www.srim.org).

2.2. Characterization

GIXRD (Glazing Incidence X-ray Diffraction) was performed on the coatings using a
STOE diffractometer using CuK, (A=0.1540 nm) and its maximum operating voltage
(40KV). Atomic Force Microscopy (AFM, NT-MDT-SOLVER PRO EC system) was
employed to analyze the surface morphology of samples. Two probes are used to measure the
electrical resistance of coatings. The morphology of samples was examined with a Carl Zeiss
MA 15/EVO 18 Scanning Electron Microscope (SEM). Using scotch tape route (ASTM D
3359-02), the coating adhesion was assessed. The surface of coating was qualitatively
examined under an optical stereo microscope for assessing the adhesive strength of coating to
titanium. The mechanical strength of coatings was analyzed using micro hardness tester (QV-
1000DAT) and calculated using Vickers hardness formula,

HV=O.1891><£ .......... 0

Where, F and d are the applied load (10 g, 20 g, 30 g, 40 g and 50 g) and the average of the
two diagonals of the imprint on the coating respectively. Contact angle meter (OCA 15EC,
Germany) was used to measure the water contact angle using dose volume (10 mL) at 1
mL/s. Immersion test is carried out on all coatings using Phosphate Buffer Solution (PBS) for
24 hours and 96 hours. The PBS was prepared using following chemicals NaCl (8 g), KCl

(0.2 g), Na,HPO,4 (1.44 g), KH,PO4 (0.24 g) in 1 L deionized water [45]



The chemicals such as sodium chloride, potassium chloride, calcium chloride, sodium
bicarbonate, disodium phosphate, magnesium chloride hexahydrate, potassium dihydrogen
phosphate, magnesium sulfate heptahydrate and glucose were dissolved in 1 liter double-
distilled water at 37°C and maintaining pH (7.4) for preparing Hank’s solution.
Electrochemical measurements were carried out by three-electrodes at 37°C. A silver/silver
chloride was employed as a reference electrode; a platinum sheet and the test specimen
(titanium) were employed as a counter and working electrode respectively. Potentiodynamic
polarization experiments were performed in the Hank’s solution by Solartron 1287 on the
pristine and surface modified coatings at a scan rate of 10 mV min™' in aerated condition. The
experiments were repeated thrice in the Hank’s solution for reliability. The corrosion current
density (Icorr) and potential (Ego) of the coatings were obtained from polarization curves.
Electrochemical Impedance Spectroscopy (EIS) were performed using Solartron 1255.
3.Results and discussions

The ion interaction on polymer-based nanocomposite coatings causes an electronic
energy loss (1.412 keV/nm) and nuclear energy loss (0.482 keV/nm). The losses were
calculated using the SRIM-2008 program. The electronic energy loss was high compared to
the nuclear energy loss illustrating high electronic contributions to decrease electronic
density, local bonding and coordination. Further, the various ion fluences tailor defects,
poor/rich oxygen vacancies, and disorders and altering the surface properties of
nanocomposite coatings without depriving bulk. The coating surface was passivated by
forming chemical bonds alter with respect to ion fluences.

3.1. GIXRD Analysis

GIXRD patterns of the unmodified and surface modified coatings (Fig.1) and the formed
phase is matched well with the JCPDS of HAp (09-0432). MAUD (Materials Analysis Using
Diffraction, http://www.ing.unitn.it/~maud/) software was employed to calculate average

crystallite size and lattice parameters in Table 1. As the ion fluence increases, the crystallite
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size was reduced drastically (Table 1). The crystallite size of surface-modified coating is
reduced by 80 % at 2517-mHAp compared to pristine due to a high disorder and defects. On
implantation, the XRD patterns confirmed the variation of crystallinity. At low fluence (116-
mHAp), a high partial amorphization is observed in XRD pattern due to localized heating
generated by ion solid interaction. The prominent plane (211) of 116-mHAp is reduced;
however the other plane (102) intensity was increased due to crystallite growth compared to
the other coatings. The prominent plane (211) of 117-mHAp was enhanced in comparison
with the other modified coatings. It resembles to the plane (211) of pristine.

The microstrain of the modified nanocomposite coatings was varied (Table 1) due to
fluctuation in the lattice relaxation and nitrogen bonding. Implantation varies oxygen
vacancies to modify the phosphorous-oxygen coordination and concomitant with the lattice
parameters and microstrain of the surface modified coatings. The localization of phonon
momentum was high in some plane orientations and restricted in certain lattice plane
directions leading to decrease the microstrain and altering lattice parameters. This evidently
depicts the co-existence of crystalline-partial amorphous of surface modified coatings varied
with respect to the ion fluences. At 2517-mHAp, the major lattice plane intensity is reduced
(left side of Fig.1) due to a projected lattice vibration and defects. So, the average crystallite
size is decreased due to a compressive strain in certain major planes and a relaxed strain in
minor planes [46]. Similar type of lattice constant reduction by manganese ions implantation
on aluminium thin films [47]. The planes (211) and (221) of 117-mHAp are augmented (left
side of Fig.1) when compared to the other implanted samples owing to defects induced plane
orientation. Thus, the crystallite size, lattice parameters and microstrain of surface-modified
coatings were varied due to the coexistence of partial crystalline-amorphous, defects and
disorder.

Table 1 Average crystallite size, lattice parameters and microstrain of the pristine and the ion

implanted samples



Samples Average Lattice parameters Microstrain

ID Crystallite (A) (20.01) (£0.001)
size a=>b C
(=1 nm)
p-mHAp 56 9.40 6.87 0.009
116-mHAp 14 9.43 6.98 0.030
516-mHAp 20 9.42 6.87 0.003
117-mHAp 29 9.43 6.90 0.008
2517-mHAp 11 9.33 6.88 0.002
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Fig.1. GIXRD patterns of the (a) p-mHAp, (b) 116-mHAp, (c) 516-mHAp (d) 117-mHAp
and (e) 2517-mHAp (left side magnified view of Fig.1) and all the peaks in the patterns are
corresponding to the phase of HAp particles.
3.2. Raman Analysis

Raman spectra of the coatings are shown in Fig. 2(a) and confocal micro-Raman images
of the modified coatings are as shown in Fig. 2(b). Grains split at 116-mHAp and at higher
fluences, the splitting was varied due to localized heat fluctuation. The vibrational modes of
coatings were altered on implantation. Free PO,>" tetrahedrons possess four different
frequencies vy, v, v3 and v4 [48]. The internal PO4>~ bands are found at ~95 cm ' and 223

cm ' due to the translational motion of calcium and phosphate and whirling of phosphate
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group respectively (left side magnified view of Fig.2(a)). The PO4> internal bands of 116-
mHAp, 117-mHAp and 2517-mHAp are blue shifted compared to pristine due to lattice
compressive stress. However, this band is not shifted in 516-mHAp but its intensity enhanced
due to a variation in phonon momentum. At 2517-mHAp, the PO4>~ band was augmented due
to the formation of strong bond between nitrogen-phosphorus atoms whereas, it was weak in
other surface modified coatings.

The symmetric O-P-O (v») (at 421 cm™) of HAp was varied on implantation. The
unfold P-O is found at 962 cm™ which red shifted in 116-mHAp and 117-mHAp due to
tensile strain and disordered to N-O-P (inset magnified view of Fig. 2(a)). In 2517-mHAp,
the P-O bonding becomes P-N. The triply degenerated mode of asymmetric P-O stretching
(1048 cm™) is noticed only in pristine and disappeared in other implanted samples. The
unfold of CH and CH stretching of CH, of PVA are noticed at 2721 cm™ and 2914 cm’
respectively. The peak of PVA (2914 cm'l) is only observed in pristine and 516-mHAp
compared to other samples and the peak is enhanced in 516-mHAp due to N-C-H-H bond. In
other implanted samples, the polymer peak was blue shift due to compressive strain in the
polymer chain. Similarly, the CH, wagging and the twining mode of OH in the PVA are
observed at 1356 cm™ [49]. The peak at 1576 cm ' was intense at pristine, 516-mHAp and
2517-mHAp compared to other samples due to a strong bonding between the polymer and
calcium phosphate [50]. This peak intensity was varied drastically owing to the robust
influence of defects and vacancies. There are some reports on Raman analysis for the
investigation of oxygen vacancy [51-52]. L. Z. Liu et al. reported that oxygen vacancy
associated Raman modes of SnO, nanocrystals. When the nanocrystals (NCs) were annealed
at 1000 °C, the oxygen vacancies were highly reduced which indicated in the Raman
spectrum as a shoulder band. Raman spectrum of annealed sample in vacuum was altered the
shoulder band hardly [51]. Raman spectra were intense and sharp due to the assembly of

interface vacancies and increased vacancy clusters in SnO; reported by K. N. Yu et al. [52].
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Further, they explained that the Raman intensity augmented with broadened linewidth due to
the densities of vacancy clusters and an increase of local SnO; cluster. Here, Raman analysis
is used to analyze the oxygen vacancies in the coatings. Raman shift and its intensity can be
correlated to oxygen vacancies in the coating [51-52]. The intensity of symmetric O-P-O (v,)
of HAp (at 421 cm™") was drastically decreased and red shifted in 117-mHAp in comparison
with all other coatings that revealing higher oxygen vacancies in the coating. In 116-mHAp
and 117-mHAp, the unfold P-O peak (at 962 cm™") was red shifted which indicating higher
oxygen vacancies than other coatings, whereas it was enhanced at 2517-mHAp leads to the
reduction of oxygen vacancies due to the presence of higher content of nitrogen ions. The
shoulder peak at 1356 cm™ (OH mode) and prominent peak at 1576 cm ' in 117-mHAp was
completely red shifted and their intensity also reduced which displaying higher oxygen
vacancies in polymer matrix than other coatings. However, in 2517-mHAp, the shoulder peak
and prominent peak again enhanced and almost similar to pristine demonstrating that the
oxygen vacancies were decreased due to the occurrence of abundant nitrogen ions in the
coating. In 117-mHAp, the higher oxygen vacancies and disorder are noticed in comparison

with other coatings.
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Fig.2. (a) Raman spectra of the pristine and the ion implanted samples (left size magnified
view in the range 87 to 120 cm’ of Fig.2.(a))(inset magnified view of Fig.2.(a)) and (b)

Confocal Micro-Raman images of the ion implanted samples.
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3.3. Electrical measurement

Electrical resistances of the coatings are as shown in Fig.3a and it was non-linear with the
ion fluences. On implantation, the electrical resistance was enhanced up to 117-mHAp and in
2517-mHAp, it was decreased (77 %) compared to pristine. The electrical resistance is
maximum at 117-mHAp due to augmented electron scattering in the polymer chains, higher
oxygen vacancies, nitrogen bonding with carbon, and phosphorous. Further, the electrons
were transferred to nitrogen atoms and creating a strong bonding with the P-O and restricts
delocalization of charge carriers due to the high electronegativity of nitrogen atoms.
Moreover, the electronic density of nitrogen atoms is enhanced and pushing the Fermi level
of other nearby atoms towards vacancy band. Thus, free charge carrier dynamics are limited
at 117-mHAp. At 2517-mHAp, the trapped charge carriers are delocalized to increase the
conductive paths [53]. The pristine possesses a low resistance and on implantation, the
resistance was enhanced due to the co-existence of crystalline-partial amorphous leading to a
localization of charge carriers. So, up to the 117-mHAp, the electrical resistance was
enhanced due to higher oxygen vacancies, local atomic hybridization, and scattering effect. In
2517-mHAp, the reduced oxygen vacancies and high disorder lead to a decrease in the
electrical resistance by the creation of nanochannel paths for conduction, in turn improving
the calcification and bone mineralization [54]. The electrical resistance of the coating is a
crucial parameter to corrosion resistance under aggressive environment. The implantation
passivates the surface and subsurface but not modify the bulk which enables to withstand in
atmosphere, electrochemical and biochemical reactions.
3.4. Mechanical strength

On implantation, the microhardness of coating is enhanced and at 2517-mHAp, it was
reduced (Fig.3b). In 117-mHAp, the microhardness was 4% enhanced in comparison with
pristine due to higher tensile strain and bond strength. Further, the high bond strength and

disorder impact to create the strong grain boundaries reduce the sliding displacement of
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grains and carbon chains in 117-mHAp. At 2517-mHAp, the microhardness was decreased by
1.5%, due to a greater radiation damage on the grain boundaries and strain relaxation leading
to deformation of the coatings. Stable microhardness was attained up to ion fluence 5 x10'
ions/cm® compared to pristine and a similar mechanical behavior explained by Ma et al. [55].
Multiwalled carbon nanotubes (MWCNT) with HAp-chitosan composite coating was
deposited on titanium which augmented adhesive strength, microhardness, corrosion
resistance and apatite growth reported by Rath et al. [56]. Here, as the ion fluence increases,
the microhardness was enhanced due to the grain boundary strength and the optimized
crystallinity leads to transfer the applied mechanical energy. Further, the high
electronegativity of nitrogen atoms attracts many electrons from surrounding atoms, thus the
interatomic distance varied to form strong bonding in the coatings. At 117-mHAp, many
electrons were trapped at oxygen vacancy sites responsible to transfer the mechanical energy
from nano to micro further to macro-level. This transfer is very weak in 2517-mHAp. The
above mentioned mechanisms occur on the surface and subsurface up to 302 nm. The
variation of co-existence of crystalline-partial amorphous, bond strength, disorder and grain
boundary strength were responsible for different mechanical potency of the surface modified
coatings. The adhesiveness of coating to the titanium substrate can be qualitatively accessed
by a scotch tape route. The optical images of p-mHAp are shown in Fig.4(a) (before peel test)
and Fig.4(b) (after peel test). The peel test reveals no delamination of the coating and the glue
from scotch tape is adhered on the coating surface (Fig.4(b)) due to the strong adhesive

strength of coating.
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Fig.3 (a) Electrical resistance versus ion fluences and (b) Microhardness of the pristine and
the ion implanted samples.
3.5. SEM Analysis

SEM micrograph of p-mHAp was as shown in Fig.4(c) and small pore sizes (~0.25
um) observed on the coating. The thickness of coating (p-mHAp) was around 175 pum
(Fig.4(d)) and the projected range of N ions was 302 nm and hence it did not modify the
bulk properties of coatings. The EDX spectrum of p-mHAp is shown in Fig.4(e) and displays
the occurrence of calcium, phosphorus and their calcium/phosphorus ratio (1.72) and further
the incorporated Mg**and Ag'" and O* also confirmed (Table 2).

Table 2 EDX of the p-mHAp.

Samples Calcium Phosphorus  Magnesium Silver Oxygen
ID (% 0.1%) (= 0.2%) (£0.1%) (£0.1%) (% 0.2%)
p-mHAp 23.35 13.57 0.82 1.76 41
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Fig.4. Optical images of the p-mHAp (Pristine) (a) before peel test and (b) after peel test; (c)
SEM micrograph of the p-mHAp; (d) SEM of the thickness of the pristine (p-mHAp) and (e)
EDX spectrum of the p-mHAp.
3.6. AFM Analysis

The 2D (Dimensional) surface topography of coatings is as shown in Fig.5. The
average surface roughness and pore size are enhanced on ion implantation. At higher fluence
(2517-mHAp), they are reduced (Table 3). The surface roughness is found to enhance (4.5
times) in 516-mHAp due to the ion sputtering and grooving effect, leading to the formation of
deep grooves between the larger particles (Fig.5). In 116-mHAp, these effects were weak
however, the average pore size was superior in comparison with the other coatings. As the
fluence increases, the surface roughnesses are reduced drastically due to localized heating
leads to melt the surface of coating. Here, the ion-induced diffusion and localized heating
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were varied on ion fluences which split the agglomerated particles to smaller size leading to
reduce the surface roughness (2517-mHAp) [57]. The surface properties play a vital role for
leaching effect due to high interaction of particles with liquid. Thus, the low energy surface
modification tailors the leaching or degradability of the coatings.

Table 3 Average roughness and average pore size of the (a) p-mHAp, (b) 116-mHAp, (c)

516-mHAp, (d) 117-mHAp and (e) 2517-mHAp.

Samples Average roughness Average pore size
ID (£ 1 nm) (£ 0.1 pm)
p-mHAp 146.0 2.90
116-mHAp 350.9 7.01
516-mHAp 664.8 3.67
117-mHAp 167.7 3.50
2517-mHAp 135.6 3.30
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Fig.5. AFM of the (a) p-mHAp, (b) 116-mHAp, (c) 516-mHAp, (d) 117-mHAp and (e) 2517-
mHAp.
3.7. Wettability

Wettability of the pristine and surface modified coatings is as shown in Fig.6. The water
contact angles of pristine, 116-mHAp, 516-mHAp, 117-mHAp and 2517-mHAp are found

3+1°, 37+1°, 73+£1°, 40£1° and 36+1° respectively. The wettability of implanted samples was
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reduced in comparison with pristine. The contact angles of coatings were varied due to ion
induced chemical changes in bonding, surface roughness, and surface charges. The surface of
pristine is superhydrophilic whereas, it changed to hydrophobic in 516-mHAp due to the
highest surface roughness which is consistent with the results of Zhao et al. [58]. In other
implanted samples, the wettability was enhanced due to a decrease in the surface roughness.
The crystallinity, oxygen vacancies and disorder of surface modified coatings are associated
for the modulation of surface roughness thereby, the wettability was altered. In pristine, the
crystalline-partial amorphous phase was not noticed and its surface possesses hydroxyl,
phosphate and CH,/CH group of polymer. When water molecules interact with these groups
to form hydrogen bonding leads to superhydrophilic surface. Moreover, these groups were
favorable to polarize charges to create bonding with water molecules. In 516-mHAp, the
surface projected atomic groups facilitate to a very high contact angle. Further, the water
molecules were highly repelled on its surface owing to different orientations of charge
polarization leading to a weak hydrogen bonding. At 2517-mHAp, there was a slight increase
in the wettability due to the variation in the charge polarization by the impact of N* ions
bonding. The N" ions are electronegative leading to change the charge polarization direction
by attracting many electrons. The other reason for weak hydrophilic surface was due to
trapped electrons. So, the oxygen vacancies, disorder and bonding were highly responsible to
modify the contact angles of modified coatings compared to pristine. Thus, the implantation
opens a path to tailor superhydrophilic surface to weak hydrophilic without using
hydrophobic colloidal molecules. Further, it reduces the processing time to develop
hydrophobic surface for controlling corrosion rate [59]. The p-mHAp assists DNA adsorption
owing to the occurrence of phosphate in DNA. The interactions of cell with material were
varied on different surface properties reported by Das et al [60]. The adhesions of coating and

surface chemistry were also altered by ion implantation [61]. The ion implanted coatings
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possess a weak hydrophilic surface to support anticorrosion and absorption of protein

(Bovine serum albumin).

@) (b)
3=1° 37+1°
(c) (d)

73+1° 40+1°
(e)
36+1°

Fig.6. Wettability of the (a) p-mHAp, (b) 116-mHAp, (c) 516-mHAp, (d) 117-mHAp and (e)
2517-mHAp.
3.8 Immersion test

The corrosion property of the coatings is evaluated by immersion test in Phosphate
buffer solution (PBS) for 24 hours and 96 hours. Weight of the coatings (W) is measured
before immersion test. After immersion test for 24 hours and 72 hours in PBS then, all the
coatings are weighed again (W)). The weight loss (W) in the coating weight can be correlated
to the coating evolution, bond strength and corrosion resistant of coatings. The weight loss

can be calculated by the following equation 2 [62],
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W (g/em?) = [WO;WI] 2)

Here, A is the surface area of coating (cmz). The weight loss of coatings on the
immersion test in PBS for different time periods is mentioned in Table 4 and revealed that all
the surface modified coatings are stable. Especially, the weight loss in 117-mHAp coating
(1x10" jons/cm®) for 24 hours and 96 hours is less compared to other coatings. This
evidently shows that the 117-mHAp possesses less dissolution in comparison with other
coatings due to the high bond strength and corrosion resistant.

Table 4 Weight loss of pristine and ion implanted coatings during immersion in PBS for

different time periods

Sample Weight loss after 24 hours = Weight loss after 96 hours
(g/em?) (g/cm?)

Pristine 0.035 (x0.003) 0.063 (+0.002)
116-mHAp 0.045 (+0.002) 0.076 (x£0.003)
516-mHAp 0.024 (x0.003) 0.044 (+£0.003)
117-mHAp 0.011 (£0.002) 0.026 (+£0.003)

2517-mHAp 0.061 (£0.003) 0.096 (+0.002)

3.9. Corrosion studies

The potentiodynamic anodic polarization of the coating is as shown in Fig.7. The
corrosion related parameters corrosion potentials (Ecor) and corrosion current density (Icor)
were quantitatively measured from the polarization plots (Table 5). On implantation, the
corrosion potential of coatings was enhanced towards positive side of potential thereby, Lo
was reduced due to a high corrosion resistance. Both the cathodic and anodic reactions were
shifted the polarization curve towards a low current density on implantation leads to the

reduction of the degradation rate. In 117-mHAp, the corrosion resistance was enhanced due
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to a higher corrosion potential (84.6 %, -0.02 V) with a significant decrease in the Icor
(7.91x 10°® Acm'z) compared to other coatings which also confirmed from electrical resistance
measured before corrosion studies. When the surface of 117-mHAp interacts with the hank’s
solution possesses a weak surface oxidation and leaching owing to the strong bonding of N
ions in the coatings. In 2517-mHAp, the corrosion resistance was reduced in comparison with
p-mHAp due to the decreased corrosion potential (46%) and surface resistance lead to a high
metal ion dissolution from the coating surface. Further, the generation of nanochannels and
conductive paths were high in 2517-mHAp responsible for high corrosion on the coating. In
116-mHAp, the corrosion resistance is reduced due to a rough surface exposed to hank’s
solution leading to a greater release of metal ions by oxide degradation or micro-level
corrosions [63]. However, the 516-mHAp has the highest surface roughness compared to the
other samples but it shows a good corrosion resistance in comparison with 116-mHAp.
Therefore, apart from the surface roughness, the other parameters such as bond strength, and
disorder are also play a crucial role for the enhancement of corrosion resistance. Here, the
optimized crystallinity, disorder, bond strength, surface roughness and surface resistance are
responsible for a very high corrosion resistance in 117-mHAp compared to other coatings.
Hence, the implantation tailors the aforementioned parameters for better anticorrosion
coatings at the in vitro level.

Table 5 Corrosion parameters for the p-mHAp and the ion implanted samples

Samples Corrosion Corrosion
1D potential (Ecr)  current density
V) (Lorr) (Acm™)
p-mHAp -0.13 2.75x107
116-mHAp -0.17 3.88 x10”
516-mHAp -0.07 5.52 x10®
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117-mHAp -0.02 7.91x10°

2517-mHAp -0.19 6.11x107
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Fig.7. Potentiodynamic polarization plots of the pristine and the ion implanted samples.

The Nyquist plots of coatings are as shown in Fig.8(a) and show an
incomplete semicircular arc. As the real part of impedance increases, the imaginary part
elevates linearly indicating a stable anticorrosion coating on implantation. At 117-mHAp, the
capacitive loop was augmented because of high resistance leads to the reduction of corrosion
rate in comparison with other coatings. The coating resistance of 2517-mHAp was reduced
confirmed from Fig.8(a) and also corroborated from Fig.3a due to high disorder and weak
bond strength. The optimized crystallinity, disorder and bond strength are favorable for a
high coating resistance in 117-mHAp for superior corrosion resistance. Generally, the
materials show high resistance with low capacitance offers a better corrosion resistance and
vice versa.

The Bode plots of coatings provide an insight into the corrosion mechanism and
impedance (Fig.8(b)). On implantation, the impedance of coating is enhanced at low

frequency. In 117-mHAp, the high impedance is achieved which well-matched with the
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Nyquist plot due to optimized disorder and surface roughness. The impedance of 2517-
mHAp is reduced owing to a high radiation damage compared to other coatings. The phase
angle of surface modified coatings was augmented in comparison with pristine. In 117-
mHAp, the phase angle was maximum (-80°) compared to the other coatings (Fig.8(c))
illustrating a passive surface with a capacitive behaviour from low to medium frequency.
Further, a constant phase is confirmed in 117-mHAp at high impedance. At 2517-mHAp, the
phase angle was least (-10°) compared to the phase angles of other coatings indicating less
impedance. In other coatings, the phase angles also modified due to the fluctuation of coating
resistance by ion-induced defects and disorder.

The equivalent circuit model was employed to fit EIS of the specimen (Fig.8(a)(inset)).
The EIS parameters are obtained after the fittings and mentioned in Table 6. The EIS spectra
of coatings are suited to the model (Rs(RocQoc)(RisQis))[Fig.8(a)(inset)], the Ry denotes
solution resistance, the R,. and R;s denote the resistance of outer coating surface and inner
substrate respectively. Where, Q.. and Qjs are the double-layer capacitance of the outer
coating surface and the inner substrate respectively. All the specimens show two-layer model
due to the inner substrate and the external coating layers. In titanium alloy, the two time
constants on its surface were reported by Tamilselvi and Rajendran [64]. Constant Phase
Element (CPE) is suggested for fitting and matched well between the simulated and

experimental data. The CPE impedance is defined by equation 3 [64].

Zese =[QG0)" ] rereemee 3)

Where, Q, w and n are the level of CPE, angular frequency and exponent of the CPE
respectively and its values in the range -1 and 1 are associated to irregular current due to
roughness, disorder and bond strength.

The frequency independent parameter, n,. is near to 1 in all the specimens (Table 6) except

at 116-mHAp, indicating near capacitive behavior of the coating due to the porous surface.
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Moreover, its outer coating resistance was slightly comparable with respect to the other
modified samples and showed an ideal capacitor behavior. The coating resistance of 117-
mHAp was greater compared to other coatings due to the optimized disorder, bond strength,
localized charge carrier and R, which demonstrating an excellent anticorrosion behavior.

Table 6 EIS parameters of the p-mHAp and the ion implanted samples

Samples R, Q,c x107 Roc Noc Qi x107 Ris Djs
ID kQcem®  Fem™S"  kQem? Fem?S"  kQ cm?
p-mHAD 44.84 2.891 4.05 0.99 5.036 187061 0.82
116-mHAp 350.2 4.745 48.0 0.21  5.465 138950 0.81
516-mHAp 419.0 5.536 9423 098 5.300 127220 0.82
117-mHAp 399.1 4,713 1903 094 4154 177336  0.88
2517-mHAp 374.8 3.033 39.76 095 4.048 111560 0.81

10¢
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Fig.8. (a) Nyquist plots of the pristine and the ion implanted samples (inset figure Equivalent
circuit model used for the impedance analysis), (b) Bode impedance plots of the pristine and
the ion implanted samples and (c) Bode phase angle plots of the pristine and the ion
implanted samples.

High corrosion potential and less weight loss are noticed in 117-mHAp compared to other

coatings. It is due to the optimized crystallinity, disorder, bond strength of N-O-P (962 cm™)
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and surface roughness leading to the reduction of coating degradation rate. These parameters
are responsible for the surface passivation of coating. In 2517-mHAp, the corrosion potential
is low and high weight loss attained due to radiation damage in coating and higher content of
nitrogen ions leads to the reduction of bond strength of N-O-P. Thus, the crystallinity,
disorder, bond strength and surface roughness are favorable parameters for the enhancement

of anticorrosion in coating.

4. Conclusions

The 70 keV N' ions were implanted on the polymer-based Mg-Ag ions co-incorporated
HAp nanocomposite coating by microwave-assisted deposition. As ion fluences increase, the
crystallinity of coatings was varied which confirmed by GIXRD patterns. The crystallite size
of 2517-mHAp was significantly reduced by 80%. The compressive and tensile strains of
modified coatings were confirmed by Raman analysis. The electrical resistance of 117-mHAp
was enhanced (2.7 times) compared to pristine whereas, in 2517-mHAp, it was decreased.
The mechanical strength of 117-mHAp is elevated in comparison with other coatings. The
surface roughness, pore size and contact angle of coatings are augmented on ion
implantation. The corrosion potential was enhanced in 117-mHAp due to the high impedance
confirmed by Nyquist plot and Bode plot. The crystallinity, bond strength, surface roughness
and wettability are engineered on implantation which are responsible factors for the
enhancement of anticorrosion in 117-mHAp. The bond strength and surface roughness play a
dominant role for high corrosion resistant leads to passivate the surface of modified coatings.
Here, the dissolution of coating is reduced by the formation of N-O-P bond which is strong in
117-mHAp compared to other coatings. These basic and applied understandings pave a path
to develop advanced anticorrosion coatings.
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Fig.1. GIXRD patterns of the (a) p-mHAp, (b) 116-mHAp, (c) 516-mHAp (d) 117-mHAp
and (e) 2517-mHAp (left side magnified view of Fig.1) and all the peaks in the patterns are

corresponding to the phase of HAp particles.
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Fig.2. (a) Raman spectra of the pristine and the ion implanted samples (left size magnified

view in the range 87 to 120 cm” of Fig.2.(a))(inset magnified view of Fig.2.(a)) and (b)

Confocal Micro-Raman images of the ion implanted samples.
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Fig.3 (a) Electrical resistance versus ion fluences and (b) Microhardness of the pristine and

the ion implanted samples.
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Fig.4. Optical images of the p-mHAp (Pristine) (a) before peel test and (b) after peel test; (c)
SEM micrograph of the p-mHAp; (d) SEM of the thickness of the pristine (p-mHAp) and (e)

EDX spectrum of the p-mHAp.
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Fig.5. AFM of the (a) p-mHAp, (b) 116-mHAp, (c) 516-mHAp, (d) 117-mHAp and (e) 2517-

mHAp.
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Fig.6. Wettability of the (a) p-mHAp, (b) 116-mHAp, (c) 516-mHAp, (d) 117-mHAp and (e)

2517-mHAp.
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Fig.7. Potentiodynamic polarization plots of the pristine and the ion implanted samples.
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Fig.8. (a) Nyquist plots of the pristine and the ion implanted samples (inset figure Equivalent

circuit model used for the impedance analysis), (b) Bode impedance plots of the pristine and
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the ion implanted samples and (c) Bode phase angle plots of the pristine and the ion

implanted samples.
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