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Abstract: The surface characteristics and in vitro corrosion properties of nanocrystalline TiAIN coating deposited on
biomedical Ti6Al4V alloy by cathodic arc evaporation were studied. The structure and surface morphology were
analyzed using XRD and FE-SEM. The surface microhardness was characterized using microindentation. The in vitro
corrosion was carried out in simulated body fluid and artificial saliva. The results exhibited that a TiAIN film was
deposited with an enhanced surface hardness of 44.4 GPa, a elastic modulus of 419.9 GPa, and enhanced resistance to
plastic deformation compared to uncoated alloy. The wetting angle of TiAIN coated surfaces ((86.27+2.2)°) was larger
than that of uncoated Ti6Al4V surfaces ((70.61+1.25)°). Biocorrosion examinations revealed that TiAlN-coated
Ti6Al4V alloy exhibited a significant positive shift of about 150 mV in corrosion potential with the notable reduction of
about one order of magnitude in corrosion current density and higher charge transfer resistance, confirming the
improved barrier performance. The surface, mechanical and corrosion performance of TiAIN coating was enhanced
compared to uncoated alloy.
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numerous advantages, including high specific
strength, excellent biocompatibility, low modulus of
elasticity, =~ and  biodegradability. = However,

1 Introduction

Three types of metals and alloys: 316 L
stainless steels, titanium, and cobalt—chromium
alloys, are mainly used for hard tissue replacement,
particularly in dental and orthopedic implants.
While these materials have high mechanical
properties, their biocompatibility and wear are
relatively low [1]. Additionally, it has been reported
that certain metallic ions (Cr, Co, Ni, and V) formed
during in vitro corrosion impair biocompatibility
and inhibited immune response as measured by cell
proliferation [2]. Magnesium alloys have garnered
considerable interest as novel bio-implant materials
for short-term implants applications due to their

magnesium and its alloys are very corrosive in the
physiological ~ environment,  limiting  their
biomedical applications [3—5]. Compared to SS and
Co-based alloys, the Ti-based alloy has been used
widely for biomedical uses due to enhanced
corrosion properties and biocompatibility [6].
However, the Ti and Ti-based alloys reduced
resistance to shear, leading to the release of metal
ions, which caused inflammation and reduced the
lifetime of the implant materials [6]. Commercial
Ti—6Al-4V (Ti64) alloy, with (f+a) microstructure,
has been used in implants and dental applications
for the past few decades [7]. However, due to the
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toxicity of some alloying elements, corrosion and
wear products produced by the alloy, for example,
the presence of Al and V induced inflammation and
toxicity, respectively, affecting the long-term
biocompatibility of Ti64 alloy [8]. The reported
lifetime of Ti64 alloy in human body fluid is
between 12 and 15 years [9], which means that a
youthful patient with an artificial joint will require
revision surgery. Titanium and its alloys have a
higher resistance to corrosion due to the formation
of a protective and adherent oxide film composed
primarily of TiO,. On the other hand, this film is
unstable in reducing or complexing media; the
active behavior of Ti64 alloy in reducing media is
due to corrosion of the S phase enriched in V.
Vanadium oxides are soluble in acidic solutions [10].
As a result, a variety of surface engineering
solutions have been developed to circumvent these
constraints. Surface engineering of Ti-based alloys
is necessary to enhance their surface characteristics,
wear resistance, and corrosion protection [11—13].
The deposited layer should be biocompatible,
adhere well to the substrate, and pose higher
corrosion resistance in psychological mediums.
Numerous surface treatments and coatings
have been applied to enhancing service life and
function characteristics, such as
resistance to wear, and biocompatibilities for
biomedical uses [11-14]. For instance, nitriding of
the Ti surface is performed to enhance surface
hardening. It showed enhanced mechanical,
corrosion, and wear properties [15]. TiNbZr and
Ti64 biomedical alloys were coated with a TiN
layer and the coated samples showed enhanced
surface hardness, antibacterial properties, and in
vitro corrosion protection in artificial saliva and
simulated body fluid [16,17]. TiAIN coating is
chemically inert and thermally stable, and hard
ceramic coatings improve the corrosion protection
of metallic surfaces. TiAIN coating showed
enhanced hardness, wear resistance, and erosion
resistance than binary TiN coating [18]. TiAIN
exhibited improved corrosion resistance compared
to Ni—Cr dental casting base metal [7] and the
potential to support tissue growth on the surface of
dental implants [19]. TiAIN can be deposited using
different methods such as chemical vapor deposition,
and physical vapor deposition (PVD) [20,21].
Among the different coating processes, the PVD
process comparatively performs in relatively low

corrosion,

deposition temperature, and a broad range of
coating thickness could be deposited. Moreover, the
higher temperature of other coating processing may
produce along with higher residual stresses [22].
TiAIN coating was reported previously for cutting
tools applications [23], investigations of TiAIN
coating structure and mechanical properties [24],
corrosion studies in HCI medium [24], and cell
viability assay [25]. Several studies reported the
characteristics of TiAIN deposited coating over
Ti64 alloy. The adhesion of TiAIN sputtered
coatings was studied [26]. Corrosion studies for
TiAIN coating deposited on Ti64 in HCI [24], and
in NaCl solution [27], were conducted. Thus, while
there are several studies on TiAIN coated Ti64
alloys, there have been few reports on biomedical
fields. However, up to the authors’ knowledge in
this work, none have studied the in vitro corrosion
behavior of TiAIN deposited by a cathodic arc (CA-
PVD) over Ti64 alloy in simulated body fluid
(SBF), and in artificial saliva (AS). Therefore, more
investigations are required, such as mechanical and
in vitro corrosion in SBF, AS, and wettability study
to evaluate the possibility of use of TiAIN coating
for biomedical uses.

This work aims to deposit TiAIN ceramic
coating by a CA-PVD technique on Ti64 alloy, and
to study the effect of TiAIN coating on surface
characteristics, wettability and in vitro corrosion
properties for possible applications in orthopedic
and dental applications. X-ray diffraction technique
(XRD) and Raman spectroscopy were utilized to
examine the structure of the coating. Scanning
electron microscopy (SEM) with energy dispersive
X-ray analysis (EDX) was used to analyze the
morphology and elemental analysis of the coating.
The coatings adhesion was examined using the
scratch test. The effectiveness of the synthesized
coating was evaluated by studying the mechanical,
wettability, and in vitro corrosion performance in
different physiological mediums (SBF and AS).

2 Experimental

2.1 TiAIN coating preparation

A commercial Ti64 alloy purchased from Xian
Saite Materials Development Co., China, was cuted
with a dimension of 25 mm X 25 mm % 3 mm. The
samples were ground using 200, 400, 600 and 800
SiC, then polished using a 0.5 um AlOj; solution,



496 Mohamed HUSSEIN, et al/Trans. Nonferrous Met. Soc. China 33(2023) 494—506

and then cleaned in acetone ultrasonically. The
TiAIN coatings were produced utilizing a Sulzer
Cathodic Arc Evaporation (CAE) system (Metaplas,
Domino Mini, Germany) [16,17]. The chamber was
heated to about 500 °C while rotating the samples
before initiating the coating process. The samples
were rotated at 2 r/min in a clockwise direction. The
surface of the workpiece was cleaned through the
Arc Enhanced Glow discharge process (AEGD). A
cathode (45Ti—55Al, wt.%) provided by Sulzer
(Germany) was used during this process. A shield in
front of the AEGD cathode absorbs the positive
ions, as a result, excess electrons were produced in
the chamber. At this stage, 1 Pa of argon was
introduced into the chamber resulting in its
ionization by the high-velocity electrons. The
positively charged Ar ions are propelled towards the
direction of the negatively biased substrates. The
accelerated Ar ions impact the surface of the
substrate with high energies, resulting in the
removal of residual dust, an oxide layer, and other
impurities that could be detrimental to the quality of
the coating. After AEGD, the coating deposition
starts immediately. The evaporator current on the
target was 150 A. The total ampere-hour (A-h) of
400 A-h was set. The N, gas flow rate was
500 mL/s, and the pressure was 6.5 Pa. The coating
duration was 90 min.

2.2 Microstructure and surface characterization

XRD (Rigaku, Kurary, Japan) with CuK,
radiation with 0.15406 nm wavelength conducted at
40 kV and 30 mA was used to analyze the phases of
the coating. 26 angle was varied between 20° and
90° at a step size of 0.02 and scanning rate of
1.2 (°)/min. Surface morphology was analyzed
using SEM (JEOL, Japan). The elemental
composition of the coating was analyzed using
EDX. Raman spectroscopy optical microscopy
(DXR™ 2 Raman Microscope) manufactured by
Thermo Fisher Scientific was used to take the
Raman spectrum of the coated sample. The laser
power of 6 mW and a wavelength of 455 nm with a
spot size of 0.6 um were used.

Surface roughness was characterized using
GTK-A, 3D optical profiler from Bruker Co. The
wetting characteristics of the samples were
examined using contact angle measurement via a
sessile drop method using optical contact angle
goniometer (DM-501,

measurement Kyowa

Interface Science Co., Ltd, Japan). At least five
readings were taken for each measurement of water
(3 uL) contact angle, and then an averaged value
was reported for final results.

2.3 Micro-indentation and scratch tests

Microhardness and indentation modulus were
evaluated utilizing a microcombi tester (CSM,
Switzerland). Vickers indenter (V-H 86) with a
diamond tip was utilized for the micro-indentation
test. 100 mN indentation load was applied with
holding time of 10 s. Five indentations were carried
out at 0.5 mm intervals, Oliver & Pharr approach [28]
was used to calculate the hardness and modulus.

Scratch resistance performance was carried out
using CSM microcombi tester fitted with a
Rockwell indenter. The indenter has a diamond
stylus tip that is drawn across the surface of the
coating with a linear progressing load. The indenter
tip radius was 100 pm. The test was performed with
a load ranging from 0.03 to 30 N at a loading rate of
0.249 N/s. The scratch length was 10 mm with a
scratch speed of 5.5 mm/min. The linear progressing
scratch applied spallation,
delamination, or failure of the coating. The first
critical load (Lc1) was defined as the minimum load,
at which the first crack or failure event took place
and was accurately observed utilizing an inbuilt
acoustic emission signal, and was corroborated by
scanning electron microscopy (SEM).

load was until

2.4 In vitro corrosion studies in simulated body

fluid and artificial saliva

Ti-based materials such as Ti—6Al—4V alloy
have been widely applied in the field of
orthopedic/dental implants. Therefore, the current
study uses simulated body fluid (SBF) and artificial
saliva (AS) to mimic the medium for orthopedic
and dental applications, respectively. In vitro
corrosion analysis of the uncoated and coated
substrates was done using the Gamry Reference
6000 Potentiostat instrument through three-
electrode cell assembly with graphite rod as an
auxiliary, saturated calomel as a reference, and the
Ti alloy specimens as a working electrode,
respectively. The two different physiological
mediums such as AS and SBF were produced
according to the previous report [12,29] and
selected as the testing electrolytes. To reach steady
open circuit potential (OCP), the specimens with an
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exposure area of 1.76 cm?> were exposed to the
testing electrolytes for 30 min before all the
corrosion  tests.  Electrochemical impedance
spectroscopic (EIS) tests were done at OCP using
the frequencies region from 10° to 102 Hz with an
amplitude of 10mV. The equivalent circuit
investigation of the obtained EIS curves was
performed by the inbuilt software, Echem analysis.
The potentiodynamic polarization (PDP) experiments
were carried out by selecting the applied potential
ranging from —250 to 1500 mV at the scan rate of
1.0 mV/s.

3 Results and discussion

3.1 Structure analysis

Figure 1 depicts the XRD patterns for
uncoated Ti64 alloy substrate and CA-PVD TiAIN
film-coated Ti64 alloy. The coating showed
crystallographic planes of (111), (102), (200) and
(220) orientation peaks. Compared to the position
of the peaks of TiN [ 16,17], the position of TiAIN
peaks is slightly shifted to the higher value of 26
due to the addition of Al in TiN [30] as a result of
contraction of the lattice due to the substitution of
Ti with Al, which has a smaller radius of 0.143 nm
than that of Ti (0.146 nm). The crystallite size (D)
of the TiAIN coating was 22.9 nm as calculated
using Scherer equating (D=0.94/(fcos 0)) [19],
where 6 is peak position, and A is the XRD
wavelength.

Raman spectrum is a powerful analytical tool
for analyzing the film [30]. The Raman spectra for
CA-PVD TiAIN coating is shown in Fig. 2 in the
range of 50 to 1500 cm™'. According to the
literature [31], the low-wavenumber band of the
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Fig. 1 XRD patterns of bare Ti64 alloy (a) and TiAIN
coating (b)

TA/LA

2A TO/LO
A+O

20

50 250 450 650 850 1050 1250 1450
Raman shifit/cm™!

Fig. 2 Raman spectra of TiAIN coating on Ti64 alloy

TiAIN coating corresponds to the TA and LA modes,
the mid-wavenumber band to the 2A, TO/LO, and
A+O modes, and the high-wavenumber band to the
20 modes. The Raman spectrum of Ti—AlI-N
coatings is dominated by the vibrations of the heavy
metal ions (usually 150-350 cm™') and, in the
optical range, by the vibrations of the lighter N ions
(typically 400—650 cm™) [32]. The Ti ions are
responsible for dispersion in the acoustic range,
while nitrogen ions are responsible for the
dispersion of the optical range [33]. Two wide
bands were visible in the spectra, focused on 240
and 628 cm™!. These bands are caused by first-order
transverse acoustics in the 150—350 cm™! range (LA
and TA) and optical modes in the 400—-650 cm™!
range (LO and TO) [34]. Additionally, the second-
order acoustic (2A) was detected at 466 cm™'.
Higher frequency spectral density is subsequently
generated by second-order transitions (A+O, 20).
The obtained Raman result is agreed with a
previous report for TiAIN deposited coating onto
CP-Ti substrates [6] and steel substrate [35],
respectively.

The surface morphologies of CA-PVD TiAIN
coating and Ti64 substrates are presented in Fig. 3.
It showed the incorporation of microparticles that
resulted in surface irregularity [36]. These macro-
particles are a distinctive feature of cathodic arc
process and are made of unreacted cathode material.
The sizes are dependent on deposition parameters
and the cathode used [37]. These droplets are
deleterious to coating quality and performance. The
previous studies showed that these defects are
1-40 pm. From Figs. 3(a,b), the majority of
surface defects in these coatings are less than 1 pm
in diameter, indicating a significant particle size
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Fig. 3 SEM images of TiAIN coating: (a, b) Surface micrograph; (c, d) Cross section

reduction, which confirms the effective coating
obtained as characteristics of the high plasma
density of CA-PVD. This is due to the cathodic arc
PVD process’s characteristic of high plasma density,
which enables effective and efficient deposition of
dense coatings with a minimum of microparticles.
The cross-sectional SEM images of coatings are
shown in Figs. 3(c, d). It demonstrates the coatings’
uniformity, the thickness of 2.6 um. Additionally,
the cross-sections demonstrate that the coatings are
continuous and free of internal macro defects. EDX
spectra (Fig. S1) reveal the content of Ti
(47.2+4) wt.%, Al (27.8 wt.%) and N (25+1) wt.%,
respectively.

3.2 Mechanical and surface characteristics
Loading and unloading curves for Ti64 alloy
and TiAIN coating are depicted in Fig.4. The
measured microhardness (H), indentation modulus
(E), and calculated H°/E? ratio for the coating and
bare substrate are depicted in Table 1. The result
exhibited an increase in the microhardness of the
TiAIN coating substrate ((44.47+2.42) GPa), five
times compared to the uncoated substrate. The
hardness is significantly influenced by the stress
level and microstructure of the coating. H*/E* was
used to assess the resistance of thin films to plastic
deformation [16]. The modulus of elasticity was
extracted from the unloading part of the load—
displacement curve shown in Fig. 4, using Oliver

120

b
ool ®) @®
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40
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20

0 200 400 600 800
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Fig. 4 Load—displacement curves of loading and

unloading samples: (a) Ti64 alloy; (b) TiAIN coating

Table 1 Microhardness, indentation modulus, and
surface roughness of coated and uncoated alloy

Sample Hardness,  Modulus, (H*/E?)/ Rnm
p H/GPa E/GPa GPa
Ti64 alloy 7.55+1.3 176.5+12 0.0138 89
TIA.IN 4447 £2.42 419.94+30.1 0.49 161
coating

and Pharr approach, and the modulus was also
increased from 176.5 to 419.9 GPa (Table 1). This
was a result of the increased bond strength of TiAIN
coating. From indentation test results, H*/E* was
calculated and it was increased for TiAIN coating
(0.46 GPa) compared to (0.0128 GPa) of the
uncoated Ti64 substrate, which may contribute to
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reducing wear rate due to enhanced resistance to
plastic deformation [16]. The hardness to modulus
ratio, also known as the elastic strain to failure ratio
(H/E ratio), is a typical value used to determine the
toughness and resistance to deformation. The
HJ/E ratio of TiAIN coating was greater than that of
the substrates. A high H/E value, according
to LEYLAND and MATTHEWS, indicates a
high level of wear resistance [35]. Therefore,
enhancement of the surface hardness by applying
TiAIN coating will contribute to improvement
in the wear resistance and hence minimize the
creation of the wear debris, enhancing the implants’
lifetime [5]. The coating's high hardness can be
attributed to solid solution strengthening caused by
densification of grain boundaries, resulting in the
nanocrystalline structure of coating [38]. The
crystallite size of the TiAIN coating is 22.9 nm
according to the Scherer formula. Also, due to the
presence of hard nitride phases, the coating layers
have higher hardness than the substrate [39]. The
hard coating obviously will contribute to increasing
the wear resistance [5].

The surface roughness measurement reveals
that the roughness amplitude (R.) for coated
samples (R,=161 nm) is rougher than the uncoated
polished Ti64 sample (R,=89 nm) (Fig.5(a)) as
depicted in the 3D profilometer (Fig. 5). The higher
roughness of the coating is associated with the
distinctive pits and microparticles and observed in
the coating synthesized by CA-PVD. According to
Ref. [40], metal surfaces with a low microscale to
nanophase = morphology  promote  osteoblast
adhesion. The microtopographic pattern maximizes
the interaction of mineralized bone with the implant
surface [41]. Therefore, the synthesized TiAIN
coating, 160 nm would contribute to enhancing the
interaction with the implant. The primary
disadvantage of CA-PVD is the formation of macro
droplets during deposition, which results in rougher
morphology of the films [42]. The increased
roughness of the coating is frequently attributed to
macroparticles formed as a result of the increased
number of droplets emitted by the low melting Al
element. DING et al [43] reported that increasing
the Al content of CA PVD coatings increases their
roughness. CYSTER et al [44] demonstrated the
critical role of topology and surface chemistry in
cell-substrate interactions. GUEHENNEC et al [45]
reported that rough surfaces promote biochemical

z/um +

1.275'x1,0

2.216
1.662  -2.043

Fig. 5 3D profilometer for T64 alloy (a) and TiAIN
coating (b)

stability. Rough surface and high surface energy
promoted cell attachment and proliferation [25,46].
Along with the topography of the surface, the
wettability of the surface can influence cellular
behavior. The wettability of a surface is critical for
protein absorption, cell attachment, and spread [47].
The contact angles of deionized water drop on the
surface were evaluated on the coated and uncoated
alloys. Figure 6 presents the water contact angle for
the uncoated and coated sample with their images.
The wetting angle of TiAIN coated surfaces
measured in this study ((86.27+2.2))°) was greater
than that of the uncoated Ti64 surface
((70.61£1.25)°).

100
< 90f A
)
0
=
g 80 |
O 70r

60 .

Ti64 TiAIN
Sample

Fig. 6 Contact angle for Ti64 alloy and TiAIN coating

3.3 Scratch test analysis

During scratch, there is a continuous
elastoplastic deformation of the coating until
eventual failure. To distinctively identify a failure
event when there is no clear spallation or
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delamination, the concept of the critical load was
employed where the minimum load at which the
first failure event took place is referred to the first
critical load of the coating. At the critical load, there
is a well-defined failure event typified by an acute
increase in the acoustic emission signal as presented
in Fig. S2, with the panoramic view of the whole
scratch track. As shown in Fig. S2 for TiAIN, a
signal spike in acoustic emission was observed at a
load of 13.5 N. Typically, two fundamental modes
of failure are experienced in the process of
scratching, namely, cohesive and adhesive failure.
In cohesive failure there are significant chippings at
the edges of the scratch track with no delamination
or spallation of the coating, whereas, adhesive
failure is characterized by severe delamination and
spallation. Failure during scratch is a complex
process such that a combination of both failure
modes usually takes place. The critical load can
significantly be affected by factors such as the
hardness of the coating, interface properties of the
coating and substrate, the loading rate, scratch
speed indenter type as well as instrument
compliance [48]. Figure 7 shows SEM images
along the scratch track. It can be observed in
Fig. 7(a) that there were significant ploughing and
continuous plastic deformation of the substrate as
the stylus moved across the coating surface, while
in Fig. 7(b), cracks were observed both within and
along the edges of the scratch track. The
predominant failure mechanism observed in the
TiAIN coating was tensile cracks as a result of
elevated tensile stresses behind the indenter [49].
This failure type is typically distinguished by
semicircular cracks in the scratch direction. The
contact stress at L. was obtained according to the
equation, PC=L.i/4, where A is the contact area
between the indenter and the coating surface,

Scratch direction

estimated from the width of the scratch (Fig. 7(b)).
The estimated contact stress calculated according to
Ref. [50] at failure is 3.7 GPa, which is about 24
times the peak contact stress experienced by the
human hip (for 200 mm cup radius and 100 um
radial clearance) [51]. Therefore, TiAIN coating
deposited with cathodic arc evaporation will boost
the lifespan of the implant.

3.4 In vitro corrosion analysis in SBF and AS

Two different physiologic mediums such as
SBF and AS were selected to assess the in vitro
corrosion-resistant performance of coated Ti64
alloy for its application in orthopedic and dental
applications. Figure 8 displays the representative
PDP curves of the uncoated and coated Ti64 alloy
substrates in SBF and AS medium. No distinct
variation is obtained in the cathodic branches of the
PDP curves, revealing that oxygen reduction is the
major cathodic reaction in all the substrates.
However, the anodic branches of the PDP curves
exhibited significant variation in the tested potential
regions.

In the initial stage of anodic polarization, bare
alloy presented a steep anodic slope up to 300 mV
in both tested mediums, representing the metal
dissolution on the Ti64 alloy surface. In addition,
the slope of the anodic branch is almost vertical,
with a slight slope above 400 mV and it continued
to be the same till the end. This observation is
possibly ascribed to less oxygen diffusion owing to
the existence of passivation film on the Ti64 alloy
substrate [52]. In contrast, the anodic slope of
coated Ti64 alloy is found to be comparatively
reduced steep, indicating the reduction in anodic
dissolution. Besides, contrasting to the bare alloy, it
displays a significant reduction in current density in
the anodic polarization area from initial almost to

Fig. 7 SEM images of scratch track for Ti64 alloy (a) and TiAIN coating (b)
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Fig. 8 PDP plots of uncoated Ti64 and TiAIN coating in
AS (a) and SBF (b) medium

end. Thus, these interpretations validated that
coated Ti64 displayed improved corrosion-resistant
performance in both mediums in comparison with
the bare. The coated Ti64 alloy exhibited nobler
shirt in @cor values in both SBF and AS medium
compared to that of bare, revealing the improved
corrosion-resistant performance, which is attributed
to the effective barrier features of the TiAIN layer
that is more efficient than the naturally formed
passivation film on the Ti64 substrate [17]. Bare
substrate  showed a  distinct  passivation
characteristic above 400 mV; however, the TiAIN
coated substrate did not exhibit a noticeable
passivation plateau, though it is shown less current

densities on the anodic branch in the investigated
potential region. The resultant values including
corrosion current density (Jeorr), corrosion potential
(@corr), anodic as well as cathodic Tafel slopes (5.
and f.) are displayed in Table 2. In general, @cor
infers only qualitative analysis concerning the
proneness to metallic dissolution, whereas Jcor
provides quantitative information regarding the
precise degrees of the corrosion rate. Thus, the
corrosion  current describes the protection
magnitude of the passive film on the metallic
surface, and a low corrosion current density
generally reveals an improved corrosion resistance.
Jeorr 18 @ parameter extracted by the resultant of the
two curves, demonstrating the phenomena of anodic
oxidation and cathodic reduction which occur
concurrently in the vicinity of @cor. Generally,
higher gcorr and lower Jeor values signify that the
metallic substrate exhibits comparatively improved
corrosion resistance [8]. From Table 2, it is clear
that the Jeorr values are higher in the case of the bare
Ti64 alloy in both SBF and AS medium.
Ti—6Al-4V is a+p titanium alloy. The variation in
elemental configuration and electrochemical
activity between the a and S phases prompts a
galvanic effect and reduces the corrosion
resistance [53]. METIKOS-HUKOVIC et al [54]
reported that the formation and dispersion of
vacancies in the passive film, and adsorption of CI”
ions in such vacancies, reduce the stability of the
oxide film and increase the proneness of the Ti64
alloy to corrosion. Comparing the Jeorr values of
uncoated substrates, coated-Ti alloy substrates
exhibited pointedly lower values in both tested
media. The lower Jeor values implied that the
existence of the TiAIN layer improved the corrosion
protection performance of the Ti64 alloy surface in
the simulated biological media. To validate the
quality of Tafel fit analysis, chi-squared values ()
are monitored and in Table 2.
Moreover, the passivation current density (Jpass) of

summarized

Table 2 PDP parameters for uncoated and TiAIN coating in SBF and AS media

Peorr(VS Jeor/ Bal P/ 5.  Corrosion rate/
Sample 5 5 . . x°/10 4
SCE)mV (10 pA-cm?) (mV-dec™) (mV-dec™) (um-year™)
Ti64 alloy in SBF -391 59.740 93 79 88.25 2.984
TiAIN coating in SBF 268 12.321 88 95 37.54 0.6153
Ti64 alloy in AS -339 57.232 77 92 77.47 2.858
TiAIN coating in AS -192 2.135 98 84 56.87 0.106
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TiAIN-coated Ti substrate was lower as compared
to the uncoated samples, while the Jyss value of the
TiAIN samples was lower than that in the saliva
medium. The decreased Jyss and Jeor values
corroborated that the existence of the
PVD-processed TiAIN layer improved the surface
protective performance of the Ti64 alloy surface
against corrosion in the physiological media. It has
already been reported that the corrosion protection
of Ti alloys in physiological media could be
improved using TiAIN films [55].

Characteristic EIS curves of the uncoated and
coated substrate are displayed in Figs. 9 and 10 in
Nyquist and Bode formats. The recorded and the
simulated EIS data are symbolized by solid symbols
and complete lines, respectively. The obtained EIS
curves assessed the nature of electrochemical
interactions  between  TiAIN  coating and
physiological media and offered prominent
information about the corrosion of Ti alloy in the
physiological mediums. The Nyquist plot in Fig. 10
exhibits distinguishing capacitance characteristics
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in the investigated high-, medium-, and low-
frequency, which is signified by an incomplete
capacitor arc. This further revealed that the
electrochemical reaction of the substrates is
controlled through the charge transfer happening at
the metal/solution interface. All the Nyquist plots
(Figs. 10(a, b)) exhibited the distorted capacitive
resistance arcs and the coated substrate in both SBF
and AS media exhibited a larger diameter of
capacitive arc, representing an improved corrosion
resistance compared to that of the uncoated
substrate [29]. In general, the semi-circle shape of
the Nyquist plot is directly governed by factors
including frequency dispersion, porosity, and
surface heterogeneity of the materials under
investigation [56]. The enhanced corrosion
protection behavior was similarly revealed by a
significant increase in total impedance values (|Z])
indicated in the Bode plot (Figs.9(a,b)).
Comparing the |Z] values of coated substrates in
SBF and AS media, it was possible to observe that
the coated substrate in SBF was slightly higher than

Fig. 9 Bode plots of uncoated and TiAIN coating in SBF (a) and AS (b) media
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Fig. 10 Nyquist plots of uncoated and TiAIN coating in SBF (a) and AS (b) media
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that in AS medium. In the Bode graph, the
impedance value in the higher frequencies is nearly
constant, and the phase angle is close to 0°,
representing the resistive behavior of the tested
solution between the reference and working
electrodes. Then, the impedance response is shown
linear behavior and the phase angle is found to be
close to 80° in the mid- and low-frequency regions,
accompanying the capacitive response features of
the protective coating are more effective [57]. From
Fig. 9, the coated substrate exhibited a high phase
angle (>80°) in the wide region of 102-10°Hz,
suggesting the quasi-ideal capacitive behavior of
TiAIN coatings effectively obstructs the permeation
of aggressive species into the coating, inhibiting the
corrosive damage of the Ti64 alloy substrate.
Moreover, the phase angle of the coated substrate in
SBF was slightly higher than that of coated
substrates in AS medium, representing that the
protective/capacitive response of TiAIN coating is
slightly higher in SBF medium. To achieve more
quantitative insights on the biocorrosion resistant
behavior of the TiAIN coatings on Ti64 alloy
substrates, an equivalent circuit (EC) models,
R CPEaR.], for the bare substrate (Fig. 11) and an
additional EC, RJ(CPE{R{CPEaR.)]), for the
coated substrates were employed (Fig. 11) for EIS
simulation investigations [58,59]. The Rs, Ry, and R
represent the electrolytic, coating and charge
transfer resistances, respectively. CPEq and CPE;
signify the constants-phase element for the double
layer and coating, respectively. The low-frequency
time constant (CPEq and R.) reveals the substrate/
coating interface, while the CPEr and Rr denote the
high-frequency time constant accompanied by the

Physiological [+ %
medium ?
Rct
H
CPE,,
(a) Uncoated

coating/electrolytic  interface. The following
empirical equation denotes impedance (2) of CPE,
Zcrr=Q '(jw)™, where QO represents the CPE
constant, j defines the imaginary number, angular
frequency w=2nfrad-s™!, and n represents the CPE
exponent [60]. In general, the n value is ranging
from —1 to +1, in which n=1 designates a pure
capacitor, 0 represents a pure resistor, and —1
represents an inductor. All the chi squared (%) value
concerning the fitting errors was found to be in the
range of 104107, signifying the good agreement
between the measured and fitted results.

From Table 3, the coated substrates in SBF and
AS medium exhibited higher values of R,
compared with the bare substrate, revealing the
enhanced  barrier  property  provided by
homogeneous and compact TiAIN film. Particularly,
coated Ti64 substrate displayed good barrier
performance in SBF, with a film resistance R; of
37kQ-cm? and a highest R of 4027 kQ-cm?
(versus 2064 kQ-cm? for bare). Furthermore, the
coated Ti64 alloy presented a significant reduction
in the values of CPEg by two orders of magnitude,
validating the substantial decrease in the
permeation of violent ions from the tested medium.
Therefore, the important advantage of coated Ti64
alloy compared to that of bare alloys in terms of in
vitro corrosion resistant performance is revealed in
the large capacitive arcs and high R with low
CPEdI values and nobler gcorr with lower Jeorr Values,
thus corroborating the effectiveness and stability of
the compact TiAIN film in enhancing the in vitro
corrosion resistance of Ti64 alloy substrates in
tested physiological mediums.

Physiological
medium

(b) Coated

Fig. 11 Equivalent circuit models of uncoated Ti6Al4V (a) and TiAIN coating (b)
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Table 3 EIS parameters for uncoated and TiAIN coating in SBF and AS media

Sample R/(Q-cm?)  Ro/(kQ-cm?) Qa/(uF-cm™@)  na R/(kQ-cm?) QOd(uF-ecm™?)  ns
Ti64 alloy in SBF 126 2064.412 15.651 0.98 - - -
TiAIN coating in SBF 153 4027.275 0.012 0.99 37.753 0.567 0.98
Ti64 alloy in AS 168 1569.027 21.97 0.97 - - -
TiAIN coating in AS 172 3523.098 0.045 0.98 34.453 0.634 0.97
38-42.

4 Conclusions

(1) The microhardness of the arc-deposited
TiAIN ceramic coating was five times that of the
uncoated Ti64 alloy.

(2) The critical load of the coating was
observed to be about 13.5N. There was no
spallation or delamination of the coating during the
scratch test indicating well adhesion to the
substrate.

(3) The coated layer showed higher resistance
to plastic deformation compared to the uncoated
Ti64 alloy

(4) In vitro corrosion protection in SBF and
AS medium validated the improved surface
protective behavior of TiAIN coating compared to
uncoated Ti64 alloy against corrosion in simulated
body fluid and artificial saliva.
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