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Abstract
Surfacemodificationof commercially pureGrade 4 coarse-grained titanium (CG-Ti) andnano-grained
titanium (n-Ti) by plasma electrolytic oxidation (PEO) and plasma electrolytic oxidation conjugated
with electrophoretic deposition (PEO-EPD)processes is reported in the present study. Twodifferent
coatingswere developed on eachCG-Ti andn-Ti in phosphate-based electrolyteswithout andwith the
incorporation of hydroxyapatite (HA)nanoparticles. The phase composition,morphology (surface and
cross-sectional), corrosion resistance, surface roughness, and scratch-resistance of the fabricated
coatingswere thoroughly studied and analysed. The L-929fibroblast cells were used for assessing the
in-vitro cell viability. TheL-929 cells cultured onPEO-EPD treatedCG-Ti, and n-Ti samples exhibited
higher cell growth thanPEO treatedCG-Ti andn-Ti samples. Among all the PEOandPEO-EPD
treated samples, the PEO-EPD treated n-Ti sample showed significantly better corrosion resistance
(icorr=8.85× 10−7mA cm−2), lower contact angle (40°), and good adhesion strength (Lc=29N),
demonstrating the importance of the nanostructuring of the titanium substrate for the properties of the
coating. The origin of the discovered enhancement in the properties of themodifiedPEOcoating
produced onnanostructured titaniumwas examined anddiscussed. After soaking in SBF for 14 days,
the PEO-EPD treated sample iswholly coveredwith apatite layer indicating its good bioactivity

1. Introduction

Metallic materials are widely used for load-bearing
medical implant applications like orthopaedics, artificial
joints, bone screws, and dentistry. Metallic materials
intended for usage in medical implant applications
should comply with specific criteria like biocompatibil-
ity, corrosion-resistance, and non-toxicity to the body
fluid environment apart from possessing ample mecha-
nical strength and toughness [1, 2]. Hence, Cobalt-
chromium (Co-Cr) alloys, stainless steels (SS), titanium,
and its alloys are typically used for biomedical implants.
Among these, titanium and its alloys are gaining a lot of
attention towards using hard tissue replacements in
artificial joints, bones, and dental implants due to their
low elasticmodulus and better biocompatibility than the

other metallic implant materials. Titanium’s lower
elastic modulus (value) results in a significantly smaller
stress shielding effect between the bone and implanted
material than the other implant materials [3]. However,
commercially pure (CP) titanium has relatively lower
mechanical strength than the other metals used in
biomedical implants. The strength of titanium can be
improved by either alloying or secondary processing like
rolling, drawing, equal channel angular pressing, etc.
The addition of alloying elements to CP titanium allows
for a considerable improvement of the mechanical
properties. But the addition of typical alloying elements
such as vanadium and aluminium increases the toxicity
due to the release of the corresponding metal ions into
the bodyfluid over a prolongedperiod. Therefore,much
effort is being directed towards developing Al and V free
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Ti alloys [4]. Strengthening by mechanical working
processes like rolling, drawing, etc, can be achieved. The
physical andmechanical properties of implant materials
can be improved significantly with a reduction in grain
size. Hence, attention has been increasing to produce
materials with extremely small grain sizes nowadays.
Researchers havebeendevelopingnanostructuredmate-
rials by grain size reduction for the last two decades,
which is an efficientway to enhance its physicomechani-
cal properties than coarse-grain structured materials
[5, 6]. From the recent studies on developing nanos-
tructured titanium implants by severe plastic deforma-
tion (SPD), it is palpable that a considerable
improvement in the mechanical properties has been
observed apart from the enhancement in the biocom-
patibility and osseointegration [7, 8]. Commercially
available coarse-grained titanium exhibits ultimate
tensile strength and yield strength of ∼700MPa
and ∼530MPa, respectively. The equal channel
angular pressing via ‘Conform’ (ECAP-C) is a quite
efficient method to enhance the mechanical properties
of titanium. It is reported to exhibit ultimate tensile
strength and yield strength ranging from ∼1200–
1300MPa and ∼1100–1150MPa, respectively [9].
Nanostructured titanium was reported to exhibit an
improved corrosion resistance attributed to developing
a strong passivefilm at grain boundaries and the absence
of impurity segregation [10–12]. Fattah-alhosseini et al
documented that formed passive oxide films on the
nano-grained titanium samples resulted in attaining
better corrosion resistance than coarse-grained titanium
in Ringer’s physiological solution [13]. Titanium and
titanium alloys have naturally formed thin oxide film
(∼1.5–10 nm) but may deteriorate during load-bearing
applications due to their low thickness and amorphous
nature. Hence the unprotective metallic titanium sub-
strate gets corroded in physiological environments,
releasing metal ions from the implant surface. The
corrosion products accumulated at surrounding tissues
can cause inflammatory responses.Hence, the corrosion
rate of the titanium material has to be mitigated for the
effective biological performance and attainment of the
extended service life of the implant [14]. However,
surface modification of nanograined titanium is essen-
tial to enhance further its corrosion resistance and
augmentation of biocompatibility, cell viability, bioac-
tivity, and cell adhesion. Various surface modification
techniques like hot-dipping, sol-gel deposition, selective
laser melting, plasma spray, and electrochemical pro-
cesses prevail. Among these techniques, electrochemical
modification processes like anodisation and plasma
electrolytic oxidation (PEO) are cost-effective, eco-
friendly, and the simplest processes [15]. Semenova et al
documented those coatings produced on ultrafine-
grained titanium (UFG Ti) exhibited considerable
improvement in the adhesive strength and hardness due
to a greater number of propagation and growth points in
the coating development process and compact coatings
produced than the CG-Ti [16]. Thick and highly

adherent oxide coatings can be produced onMg, Ti, Zr,
Al, Nb, and their alloys by the PEO process [17–21].
Manojkumar et al developed a uniform and thicker
titanium oxide (TiO2) coating on CP-Ti by PEO process
using phosphate-based electrolytes and reported that the
coated samples exhibited superior corrosion resistance
than substrate [22]. Xu et al studied the influence of
process time (3, 6, 9, 12, and 15min) on the character-
istics and bioactivity of PEO coatings developed on
ultrafine-grained Ti using silicate and phosphate-based
mixed aqueous solution. They suggested that the sample
PEO coated over 9min duration has evinced the super-
ior adhesion andproliferationof the osteoblast cells [23].
Yao et al reported that relatively thicker titanium oxide
coatings could be developed on equal channel angular
pressed titanium (ECAPed Ti) samples compared to the
coarse-grained Ti samples by micro-arc oxidation
(MAO) process [24]. PEO coatings are porous and
thereby promote bone tissue maturity and reduce
osteointegration time. The biological properties like
bioactivity, viability, and proliferation of the cells on the
implants can be augmented by blending the electrolytes
with hydroxyapatite (HA) nanoparticles by virtue of the
similar composition of HA to the mineral part of the
bonebesides the existenceof crystal defects and relatively
higher specific surface area [25–29]. Liu et al produced
nanostructured HA coatings on CP-Ti via chemical
conversion method. They inferred that coatings had a
better scratch and wear resistance and superior corro-
sion-resistant properties [30]. In recent years, electro-
phoretic deposition (EPD) has been accomplished as an
interesting technique to develop composite coatings by
migration of charged ceramic particles towards opposite
polarity electrode under the influence of an electric field.
A recent study successfully combined theEPD technique
with anodisation to prepare a corrosion-resistant
Ta2O5/Mn3O4 coating on tantalum [31]. A novelMgO-
Graphene oxide (GO) duplex coating was produced on
AZ91Mg alloy by PEOprocess followed by EPDprocess
withGOplatelets [32]. Corrosion-resistant andbioactive
duplex coatings are produced on plasma electrolytic
oxidised AZ91 magnesium alloy by developing a pore-
sealing layer consisting of ZnOnanoparticles by the EPD
method [33]. However, to the best of the authors’
knowledge, no work had documented the influence of
HA nanoparticle inclusion on the cytocompatibility and
corrosion resistance properties of PEO and PEO-EPD
coatings fabricated on coarse-grained CP-Ti and nanos-
tructured titanium.

The present work aims to fabricate Ca and P con-
taining titanium oxide (TiO2) coatings on coarse-
grained and nanostructured commercially pure tita-
nium by PEO and PEO-EPD processes with and with-
out HA nanoparticles’ inclusion to the phosphate-
based electrolyte. The phase composition of the syn-
thesised coatings was appraised by the XRD technique.
Morphological analysis of the coatings along the sur-
face and cross-section, with the surface elemental ana-
lysis, was assessed by FESEM furnished with EDS. The
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wettability and corrosion behaviour of the coated
samples were evaluated. MTT assay, apoptosis, and
direct contact tests were performed to evaluate the cell
(L-929) viability of the substrate and coated
specimens.

2.Materials andmethods

2.1. Fabrication of coatings
Commercially pure Grade 4 coarse-grained titanium
(CG-Ti) cylindrical pellets of 4 mm thickness and
10 mm diameter were used as CG-Ti substrates.
Conventional CG-Ti was processed at 200 °C using
the angular channel of 120° by equal channel angular
pressing via ‘Conform’ processing (ECAP-C) to pro-
duce nanostructured titanium. The processedmaterial
is used as nanostructured titanium (n-Ti) substrate as
a pellet with a diameter of 8 mm and 3mm thickness.
The CG-Ti and n-Ti samples exhibited an average
grain size of 25 μmand 100–150 nm, respectively [34].
The titanium metal pellets were polished with various
grit sizes of 400, 600, 800, 1000, and 1200 silicon
carbide (SiC) papers, followed by alumina polishing.
Subsequently, the surface of the pellets was made
contaminant-free by cleaning with acetone followed
by flushing with double distilled water and air drying
before the inception of the coating process.

Fabrication of titanium oxide (TiO2) films on CG-
Ti and nanostructured titanium by PEO was carried
out using a pulsed DC power unit (Milman, India).
The aqueous electrolyte solution with 5 g trisodium
orthophosphate (TSOP; Na3PO4·12H2O)+2 g KOH
in 1 l distilled water was used for developing PEO coat-
ings. TiO2 containing Ca and P were developed on
titanium by an innovative method based on PEO-EPD
by blending the base electrolyte with 5 g l−1 HA
(Ca10(PO4)6OH2) nanoparticles. The nanosized HA
particles with average longitudinal and transverse
dimensions of 70 nm and 20 nm produced by the
microwave synthesis method were used in this study
[26]. Prior to the PEO-EPD process, the electrolyte
was supplemented with 5 ml ethylene glycol to charge
HA nanoparticles and 10 ml triethanolamine suspen-
sion to stabilise the electrolyte. The electrolyte was
then sonicated with an ultrasonic vibrator for 45 min
to attain homogeneity. The stainless-steel bowl
accommodates electrolyte, was used as a cathode, and
titanium pellets connected with aluminium foil were
used as an anode. The electrolyte bath was retained at

room temperatures (30 °C–40 °C) during the process
by circulating chilled water. All the coatings were pro-
duced under similar electrical conditions of 1000 Hz
frequency and 90%duty cycle with a current density of
150 mA cm−2 during 6 min of coating duration. The
identification codes for coarse-grained titanium and
nanostructured titaniumwere indicated by CG-Ti and
n-Ti, respectively, and the sample codes of both PEO-
EPD and PEO coated samples are stated in table 1. The
CT andNT in coated sample codes indicate the coarse-
grained Ti and Nano-grained Ti, respectively. Here-
after, titanium substrates and all the coatings are
reported with their respective identification codes.
The composition and conductivity of the prepared
phosphate electrolytes along with the final voltages
(Vf) and breakdown (Vb) recorded during the process,
are represented in table 1.

2.2. Evaluation of the PEOandPEO-EPD coatings
The phases present in the PEO treated titanium
samples were analysed by documenting the diffraction
pattern spanning over a 2θ range of 10°–90° with an
interval of 0.05° at a scan speed of 1°min−1 using an
x-ray diffraction unit (XRD, Rigaku Ultima IV)
functioning at 30 mA and 40 kV and emitting Cu Kα
radiation (1.5406 A°).

The surface morphology, elemental composition,
and coating thickness of the PEO and PEO-EPD
coated titanium samples were appraised by field emis-
sion scanning electron microscope (FESEM, Zeiss
Gemini-300) equipped with an energy dispersive x-ray
spectrometer (EDS, EDAX). The thickness of the coat-
ings was gauged at five distinct spots along the cross-
section using FESEM cross-sectional micrographs,
and the average values were reported. The coating
thickness values were also substantiated by gauging
with an eddy current thickness gauge. The average sur-
face roughness of PEO treated samples was evaluated
over the surface area of 0.8×0.8 mm using Taylor
Hobson made Talysurf CCI with horizontal and ver-
tical resolution limits of 300 nm and 0.1 nm,
respectively.

An automatic scratch tester equipped with a stylus
of a 200 μm radius (Revtest CSM Instruments) was
employed to assess the practical adhesion strength of
the coatings. Scratch tracks were made over a track
length of 5 mm under the progressive loading condi-
tion from 1 N to 40 N at a rampage rate of

Table 1. Identification codes for the coatings alongwith the detailed composition of electrolytes, conductivity (k), breakdown (Vb), and
final voltages (Vf).

Sl. No. Sample code Electrolyte concentration (g l−1) k (mS cm−1) Vb (±2 V) (V) Vf (±2 V) (V)

1 CT-PEO 5 gNa3PO4.12H2O+2 gKOH 11.32 294 454

2 CT-EPD 5 gNa3PO4.12H2O+2 gKOH+5 gHA 10.25 324 482

3 NT-PEO 5 gNa3PO4.12H2O+2 gKOH 11.32 314 465

4 NT-EPD 5 gNa3PO4.12H2O+2 gKOH+5 gHA 10.25 336 491
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19.5 Nmin−1, and the obtained scratch tracks were
capturedwith an opticalmicroscope.

Contact angle goniometer (DSA100, KRUSS) was
used to assess the wettability of titanium substrates
and coated samples by using a sessile 3 μl water dro-
plet. The test was performed at ten various locations
on the individual sample by measuring the contact
angle with the aid of images captured by the camera,
and the corresponding average valueswere reported.

The corrosion characteristics of titanium sub-
strates, PEO and PEO-EPD samples in the simulated
body fluid (SBF) were assessed by Potentiodynamic
polarisation (PDP) technique with the aid of a poten-
tiostat (Gill AC model, ACM instruments, UK) con-
stituting sample of interest as a working electrode and
polarising it from anodic side −500 mV to cathodic
side up to+3000mVwith reference to the open circuit
potential (OCP) at a rampage rate of 0.166mV s−1. A
saturated calomel electrode (SCE) was used as a refer-
ence electrode along with an auxiliary platinum elec-
trode. The simulated body fluid was prepared by
abiding byKokubo’s protocol [17], and it is used for the
PDP test by exposing a sample surface area of 1 cm2.
The electrochemical corrosion tests were repeated
thrice for assuring the results reported.

2.3. In vitro assessment of cytotoxicity
2.3.1. Direct contact assay andMTTassay
The fibroblast L-929 cells were used to evaluate the
cytotoxicity and cell proliferation on both coarse-
grained, nanostructured titanium substrate and coated
samples. The substrates (CG-Ti, n-Ti), PEO coated
samples (CT-PEO, NT-PEO), and PEO-EPD samples
(CT-EPD, NT-EPD) were submerged into the well
plates seededwith cells of sufficient confluence (∼70%–

80%) after irradiating under ultraviolet (UV) light for
1 h. The submerged samples were then granted to
incubate for the next 24 h. After the incubation period,
aggregation and growth of the L-929 cells abutting the
samples were assessed by analysing the morphological
changes using an inverted phase-contrastmicroscope.

The mitochondrial cellular metabolism (viability)
was assessed by using MTT (3-[4,5-dimethylthiazole-
2-yl]-2,5-diphenyltetrazolium bromide solution)
assay. The percentage viability of the cultured fibro-
blast cells was gauged by measuring the optical density
(OD) at 540 nm using the coloured solution. A stan-
dardMTT assay procedure was followed, asmentioned
in our previous work [20]. The viability percentage was
evaluated based on the optical density (OD) according
to the following equation, in which cultured cells with-
out a samplewas considered as control.

= ´
OD of test

OD of control
%Viability 100 1( )

2.3.2. Apoptosis test
The titanium substrates (CG-Ti, n-Ti), PEO coated
samples (CT-PEO, NT-PEO) and PEO-EPD samples
(CT-EPD, NT-EPD) were placed in cell culture well

plates and allowed to be incubated for 24 h. The well
plates were cleaned with phosphate-buffered saline
(PBS), followed by adding a blend of ethidium
bromide (EtBr, 100 mgml−1) and acridine orange
(AO, 100 mgml−1). Ethidium bromide was absorbed
by non-viable cells, and the acridine orange was
absorbed by both non-viable and viable cells. Then
samples were ascertained with fluorescent micro-
scope’s blue filter; prior to that, stained cells were
cleaned thrice using PBS.

2.4. In-vitro bioactivity study
The apatite forming ability of CT-PEO, CT-EPD, NT-
PEO, and NT-EPD samples was evaluated by immer-
sing the samples in 7.4 pH SBF for 14 days in separate
plastic vials. The ratio of the surface area [in mm2] of
immersed sample to SBF solution (in ml) volume was
set equal to 10. Every 24 h, the SBF solution was
renewed and kept stable. The samples were taken out
from the SBF after 14 days, gently rinsed with distilled
water, dried in air and finally characterised by FESEM.

3. Results and discussion

3.1. Coating growthmechanism
The voltage-time (V-T) response graphs of both PEO
and PEO-EPD processes for the two electrolytes
employed to coat coarse-grained and nanostructured
titanium are depicted in figure 1. The coating process
was operated in constant current mode, and hence
process voltage increases with process time and
reaches a constant value. The process can be mainly
divided into three regimes based on process voltage
behaviour, namely anodisation stage, dynamic PEO
(sparking) stage and near steady stage PEO (arcing)
stage. In the anodisation region, the process voltage
increases linearly up to the first inflection point
(breakdown voltage, Vb), and there were no sparks
observed in this region. The next region is between the
breakdown voltage and critical voltage (second inflec-
tion point), having a lower voltage rate, and tiny white
sparks were observed during this regime. In the third
stage of PEO, after critical voltage where the process
voltage rate gets quasi-stabilised and reaches a peak
value (Vf), where the tiny white sparks were converted
to sizeable orange colour sparks with low spatial
density. The developed orange colour sparks appeared
till the end of the PEO process. The breakdown
voltages (Vb) and final voltages (Vf) of the PEO and
PEO-EPD processes are recorded and mentioned in
table 1. The recorded breakdown voltages of coated
samples CT-PEO, CT-EPD, NT-PEO, and NT-EPD
are 294, 324, 314, and 336 V, respectively. The
nanostructured titanium samples exhibited higher
breakdown voltages than the coarse-grained titanium
during the coating process. Also, PEO-EPD processed
samples (CT-EPD and NT-EPD) recorded higher
breakdown voltages as compared to PEO samples
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(CT-PEO and NT-PEO). These higher breakdown
voltages of PEO-EPD samples might be due to the
lower conductivity of the electrolytes used for PEO-
EPD samples compared to those for the PEO process,
as it abides by Ikonopisov’smodel [35].

3.2. Phase analysis of coatings
The XRD patterns of coarse-grained titanium substrate
and its coatings (CT-PEO, CT-EPD), nanostructured
titanium, and its coatings (NT-PEO, NT-EPD) are
reported infigures 2(a) and (b), respectively.Diffraction
patterns of all the coated samples exhibited substrate
peaks in addition to characteristic peaks of both crystal-
line anatase (at 2θ∼25.3°, JCPDS: 21-1272) and rutile
(at 2θ∼27.7°, JCPDS: 21-1276) forms of titanium
oxide (TiO2). The characteristic titanium peak intensity
present at 2θ∼35° for nanostructured titanium is
stronger compared to the coarse-grained titanium,
which agrees with the Kim et al research work [12]. The
relative amount of anatase and rutile phases of PEO

treated samples can be calculated by the following
formulae and reported in table 2:

=
+

X
1

1 1.26
2A I

I
R

A
( )

( )

and

=
+

X
1

1 1.26
3R I

I
A

R
( )

( )

where IR and IA have reported the characteristic peak
intensities of rutile ad anatase phases, respectively. The

Figure 1.Voltage-time response curves for PEOand PEO-EPD coatings.

Figure 2.XRDpatterns of (a)CG-Ti, CT-PEO andCT-EPD, (b)n-Ti, NT-PEOandNT-EPD.

Table 2.Anatase and rutile phase composition of
the PEO and PEO-EPD coated samples.

Sample Anatase (wt.%) Rutile (wt.%)

CT-PEO 61.15 38.85

CT-EPD 66.28 33.72

NT-PEO 74.85 25.15

NT-EPD 78.42 21.58
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PEO and PEO-EPD coatings consist of both anatase
and stable rutile phases. During the PEO process, the
temperature in discharge channels is>3000 K produ-
cing TiO2 in a molten state, and the molten oxide is
rapidly quenched by the electrolyte at room temper-
ature forming amorphous titania. On recurrent heat-
ing by the subsequent plasma discharges, the
amorphous TiO2 in coatings converts to crystalline
anatase and subsequently transforms partially to the
rutile phase. The metastable anatase changes to rutile
at a temperature above 610 °C, and the transition
completes by 915 °C [36]. Titania formed by the
plasma discharges at the end of the PEOprocess can be
retained as an amorphous phase. Thus, the percentage
of crystalline anatase and rutile phases and amorphous
phase depends on the thermal history of the phases
formed in coatings. The anatase content in the coated
samples is 61.15%, 66.28%, 74.85%, and 78.42% for
CT-PEO, CT-EPD, NT-PEO, and NT-EPD, respec-
tively. The samples NT-PEO andNT-EPD have higher
anatase phase % than the CT-PEO and CT-EPD,
respectively. HA nanoparticle incorporated PEO-EPD
samples improved the anatase phase% as compared to
PEO treated samples. The NT-EPD sample having
more anatase phase among all the samples plays a
crucial role to enhance biological properties like
osteoblast cell proliferation, cell adhesion, and cell
growth [37]. The absence of diffraction peaks corresp-
onding to the HA phase in the XRD patterns of PEO-
EPD coated coarse-grained and nanostructured tita-
nium samples might be owed to the minute levels of
HA incorporation into discharge channels or due to
the presence of re-solidified amorphous [26]. Yet,
elements Ca, and P were ensured from the elemental
analysis as discoursed in section 3.3.

3.3. Surfacemorphology, elemental composition,
and cross-section of coatings
The FESEM micrographs illustrating the surface
morphology of PEO and PEO-EPD coatings on CG-Ti
and n-Ti substrates, accompanied by the elemental
compositions, are portrayed in figure 3. All the
micrographs of titanium coated samples displayed
porous structure, which is the peculiarity of the films
developed by the PEO process. However, significant
variation in their surface morphology is evident with
the substrate and electrolyte composition in variation.
The surface micrographs of PEO treated samples (CT-
PEO, NT-PEO) exhibited fewer pores than PEO-EPD
samples (CT-EPD, NT-EPD). The developed PEO
coated samples have large size interconnected pores.
In contrast, PEO-EPD samples exhibited compara-
tively isolated and a greater number of roughly circular
or elliptical tiny pores distributed uniformly through-
out the surface. It represents that HA particle addition
influenced the morphology in terms of reducing pore
size [20]. Discharge channels (pores) present in CG-Ti
coatings are significantly smaller in size as compared
to n-Ti coatings. A similar observation made by Yao
et al states that discharge channel diameter, surface

roughness, and thickness of PEO coatings developed
on CG-Ti is significantly smaller than those on n-Ti
coatings [24].

The EDS spectra of coated samples CT-PEO, CT-
EPD, NT-PEO, and NT-EPD are depicted in figure 3,
and the respective elemental composition of coatings
is stated in table 3. The EDS analyses for coated sam-
ples were performed over five different locations on
each coated sample, and the average values from the
obtained results were considered. From table 3, the
atomic percentage of Ti element for PEO-EPD coated
films wasminimal compared to the PEO sample, attri-
buting to the produced coating higher thickness and
compactness. From figure 3, we observe that PEO
treated samples (CT-PEO and NT-PEO) contain Ti,
O, P elements. But PEO-EPD samples (CT-EPD and
NT-EPD) consist of Ca, and P in addition to Ti and O
attributed to the effective reactive incorporation ofHA
nanoparticles into the coating. The Ca/P ratios for
samples CT-EPD and NT-EPD are 1.51 and 1.62,
respectively.

The cross-sectional micrographs of CT-PEO, CT-
EPD, NT-PEO, and NT-EPD samples are displayed in
figure 4, from which the average coating thickness is
assessed and reported in table 4. The PEO treated CT-
PEO and NT-PEO samples exhibited more porous
and relatively less compact coatings with lower thick-
ness compared to the PEO-EPD samples. The PEO-
EPD treated CT-EPD and NT-EPD samples showed
highly compact coatings with higher thickness com-
pared to PEO treated samples. Nanostructured Ti
samples offer thicker and more compact coatings
compared to CG-Ti coatings. The chemical reaction of
an n-Ti substrate could enhance due to high energy
grain boundaries, leading to the formation of thicker
oxide film [38]. Among all the PEO and PEO-EPD
coatings, the NT-EPD sample reported a higher coat-
ing thickness (14.5±1μm).

3.4. Surface roughness anddepth profile of coatings
The 3D surface topography and surface roughness (Ra)
of the fabricated samples CT-PEO, CT-EPD, NT-
PEO, and NT-EPD have been studied by an optical
profilometer. A square area of 0.8 mm × 0.8 mm has
been scanned to obtain 3D surface topographical
images. Usually, the surface roughness of PEO coated
samples is mainly affected by pore nature (deep or
shallow), pore size, pore density, pinholes, and micro-
cracks. The 3D surface topographical images are
reported in figure 5. From figure 5, the hills indicated
that upraised regions (pancake projections) over the
nominal surface level of the fabricated coatings devel-
oped during the PEO and PEO-EPD process. The
valley regions report the distribution of shallow and
deeper pores present on the coated sample surface.
The crest portions appear red, and the deeper pits
seem to be blue. The CG-Ti coated samples have
significantly lower surface roughness values as
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compared to n-Ti coated samples. The PEO coated
samples exhibited more red and blue portions spread
throughout the surface, indicating the rough nature of
the surface. In contrast, PEO-EPD samples consist of a
fewer number of crests and troughs. This clearly
indicates PEO-EPD samples have lower surface rough-
ness values than PEO treated samples since pores are
sealed with hydroxyapatite (HA) nanoparticles in the
PEO-EPD process [20]. The deviation of a surface
profile from the mean line represents the surface

roughness (Ra). The coated titanium samples Ra values
are reported in table 4. Depth profiles of all the coated
samples are portrayed in figure 6. The depth profiles of
PEO-EPD samples exhibited fewer crests and troughs
than PEO treated samples, which corroborates with
the coated titanium surface micrographs and their 3D
surface profiles. The biomedical implants are expected
to display favourable cell proliferation and response
when surface roughness values are plotted between 0.4
and 3.5 μm. The Ra values obtained for all the coated

Figure 3. FESEM surfacemorphology and EDS spectra of PEO and PEO-EPD coated samples.
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titanium samples were marked within the acceptable
range, making them more suitable for biomedical
applications [39].

3.5.Wettability study
The wettability of the solid surface is an essential
property for biomedical implants, which depends on
both the surface geometrical structure and chemical
composition [17]. Water droplet images of CG-Ti,
n-Ti and coated samples are reported in figure 7 and
corresponding average contact angles are reported in
table 5. The surface water contact values of CG-Ti,
CT-PEO, CT-EPD, n-Ti, NT-PEO, and NT-EPD
samples are 74°, 58°, 44°, 71°, 52°, and 40°, respec-
tively. The wettability and capillarity of n-Ti can
enhance due to a greater number of grain boundaries
on the ECAPed material [40]. The CT-EPD and NT-
EPD samples exhibited lower contact values than CT-
PEO and NT-PEO samples, respectively. It illustrates
that HA nanoparticles incorporation may diminish
the contact angle by modifying the surface morph-
ology of PEO-EPD coated samples. All the coated
samples reported hydrophilic nature (contact angle
<90°), which is beneficial for adsorption and interac-
tion of tissue, proteins, and cells for biomaterial
implant surfaces. The surface energy (Es) of all the

samples can be evaluated by using the following
equation:

q=E E cos 4s vl ( )

where ‘θ’ represents the contact angle and ‘Evl’
indicates the surface energy between air and pure
water at 20 °C (i.e., 72.8 mJ m−2). The calculated Es
values of all the coated samples along with the
substrates are reported in table 5. Usually, higher
surface energy metallic implants promote cell adhe-
sion and rapid growth of apatite [17, 26]. TheNT-EPD
sample showed higher surface energy (56mJ m−2) and
lower contact angle (40°) from these reported values,
accomplishing a highly acceptable orthopaedic and
dental implant material for attaining superior biologi-
cal properties like cell spreading and attachment.

3.6. Scratch resistance behaviour of coatings
Adhesion strength is an essential criterion to assess the
durability of PEO coatings. The Scratch test is one of
themost effective and practicalmethods for evaluating
coatings’ adhesion strength. The scratch test was
performed over the coating surface by operating with
the progressive load, thereby causing plastic deforma-
tion until its delamination. The damage might be a
cohesive type of failure (chipping within the coating)
or an adhesive type of failure (coating spallation). The

Figure 4. FESEMcross-section images of the PEOand PEO-EPD coated samples.

Table 4.Coating thickness (t), surface
roughness (Ra) of PEO and PEO-EPD
coated samples.

Sample t (μm) Ra (μm)

CT-PEO 9±1 2.91±0.1
CT-EPD 12±1 2.03±0.1
NT-PEO 11±1 3.16±0.1
NT-EPD 14.5±1 2.51±0.1

Table 3.Elemental composition of the PEOand PEO-EPD coated
samples.

Sample

code

CT-PEO

(at.%)
CT-EPD

(at.%)
NT-PEO

(at.%)
NT-EPD

(at.%)

O 69.70 65.63 69.47 65.62

Ti 26.97 9.91 27.10 11.94

P 3.33 9.71 3.43 8.56

Ca — 14.75 — 13.88
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load at which delamination of the coating by virtue of
adhesive failure leaving the substrate’s bright visual is
considered critical load (Lc). The Lc of the coated
samples relies upon phase composition, the surface
morphology of coatings, surface roughness (Ra), and
coating thickness [41]. The panoramic view of scratch
tracks of the PEO treated samples and their load vs
friction force graphs are depicted in figure 8. The
critical load of the CT-PEO, CT-EPD, NT-PEO and
NT-EPD samples are 19 N, 25 N, 22 N, and 29 N,
respectively, and are disclosed in table 5. The CT-EPD
and NT-EPD samples recorded higher Lc values than
CT-PEO and NT-PEO samples. It can be ascribed to
the significantly less porous and compact nature of the
coatings produced by PEO-EPD, along with their
higher thickness as evident from figures 3 and 4 of
surface morphology and cross-section morphology.
Moreover, the nanostructured titanium consists of
many propagation and growth points present on the
substrate. It played a vital role during the coating
process and formed dense and compact coating. Due
to that, the coatings produced on n-Ti exhibited a
higher critical load compared to CG-Ti coatings [16].
A similar trend was observed by Wang et al while
producing diamond-like carbon (DLC) coatings on
UFG-Ti, CG-Ti and Ti-6Al-4V. The UFG-Ti reported
significantly higher scratch resistance than CG-Ti and
Ti alloy [42]. Among all the coatings, the NT-EPD
sample exhibited the superior scratch resistance of
29 Ndue to its thicker and dense coating.

3.7. Potentiodynamic polarisation (PDP) test
The potentiodynamic polarisation test was used to
examine the passivation behaviour of PEO, PEO-EPD
coated samples along with CG-Ti and n-Ti substrate.
The polarisation curves of the coated samples alongwith
CG-Ti and n-Ti substrates are depicted in figure 9. All
the coated samples and substrates mainly showed two
regions at the anodic portion, namely the active and
passive regions. The corrosion resistance of the samples
can be characterised by considering the current density
(icorr) and corrosion potential (Ecorr)which are reported
in table 6. The icorr and Ecorr values of the substrate and
the coatings were derived by the Tafel extrapolation
method. We have considered both anodic and cathodic
curves to evaluate the icorr and Ecorr values. The Tafel
extrapolation was carried out at a linear potential range
of ±250mV with reference to the OCP. The icorr and
Ecorr values were noted from intersection points of the
linear portions of both anodic and cathodic curves [36].
The corrosion ratewill be represented by current density
(icorr), and the thermodynamic tendency will be repre-
sented by corrosion potential (Ecorr). Ecorr (vs SCE) value
of the CG-Ti, CT-PEO, CT-EPD, n-Ti, NT-PEO, and
NT-EPD samples are −501.5 mV, −401.2mV,
−353.5mV, −436.5mV, −355.9mV, and 1251.4mV,
respectively, and corresponding icorr values are 1.05 ×
10−4 mA cm−2, 2.93 × 10−5 mA cm−2, 1.84 ×
10−6 mA cm−2, 3.33 × 10−5 mA cm−2, 3.85 ×
10−6 mA cm−2, 8.85 × 10−7 mA cm−2, respectively.
The n-Ti produced by ECAP presents superior corro-
sion resistance than CG-Ti, which might be due to

Figure 5. 3D surface profiles of PEO and PEO-EPD coated samples.

9

Surf. Topogr.:Metrol. Prop. 10 (2022) 015020 Lokeshkumar E et al



the material homogeneity and formation of an effective
passive layer at grain boundaries of nanostructured
material [10, 11]. Additionally, n-Ti can produce a
highly stable oxide layer with a superior grain boundary

portion, playing a crucial role in shielding the material
against corrosion [38]. All the coated samples showed
higher Ecorr and lowered icorr values compared to CG-Ti
and n-Ti, ascribed to a lower corrosion tendency of

Figure 6.The depth profiles of PEO and PEO-EPD coated samples.

Figure 7.Thewater droplet images on the substrates, PEOand PEO-EPD coated samples.
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coated samples than the substrate. The PEO-EPD (NT-
EPDandCT-EPD) samples have shownhigher Ecorr and
lower icorr than PEO coated (NT-PEO and CT-PEO)
samples. Among the four coatings, Ca and P containing
TiO2 developed on nanostructured titanium exhibited
better corrosion resistance than coarse-grained tita-
nium; it is mainly influenced by surface morphology
along with the more compact and high thickness of the
coatings produced on nanostructured titanium as
evident fromFESEMmicrographs infigures 3 and4.

Figure 8. Friction force vs load curves and corresponding panoramic opticalmicrographs of the PEOand PEO-EPD coated samples.

Table 5.The contact angle (θ), surface energy (Es) and critical
load (Lc) of substrates (CG-Ti andN-Ti), PEO and PEO-EPD
coated samples.

Sample code θ (degrees) Es (mJ m−2) Lc (N)

CG-Ti 74 20 —

CT-PEO 58 39 19

CT-EPD 44 52 25

n-Ti 71 24 —

NT-PEO 52 45 22

NT-EPD 40 56 29
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3.8. In vitro assessment of cytotoxicity
3.8.1.MTT assay
Cytocompatibility of CG-Ti, n-Ti substrates, and
coated samples can be evaluated using the MTT assay,
which can quantify the percentage viability of L-929
fibroblast cells. The % viability of control, CG-Ti,
n-Ti, CT-PEO, NT-PEO, CT-EPD, and NT-EPD
samples are 100, 91, 93, 92, 94, 87, 90, respectively, and
are depicted in figure 10. TheMTT assay disclosed that
cell viability of all the coated samples and substrates
was reported above 85%, indicating the nontoxic
nature of degradation products of titanium substrate,

PEO and PEO-EPD coated samples [43]. The coatings
consist of numerous pores on the surface, which can
provide cellular communication efficiently and pre-
serve the nutrients. The coarse-grained and nanos-
tructured titanium PEO coated samples exhibited
significantly higher percentage viability than the sub-
strate and PEO-EPD samples. The samples CT-EPD
and NT-EPD exhibited lower viability than CT-PEO
and NT-PEO, attributed to the release of calcium ions
in higher amounts due to theHA addition [20, 44].

3.8.2. Apoptosis test
The fluorescent images of the substrates and coated
samples obtained from the apoptosis test reported the
distribution of live and dead L-929 fibroblast cells. So,
the cells with a green nucleus are live cells, and cells
that appear as orange has undergone necrotic or
apoptosis, whereas red cells represent dead cells [20].
Fluorescent images of titanium substrates, control,
and coated samples CT-PEO, NT-PEO, CT-EPD and
NT-EPD are depicted in figure 11. These images show
that the samples have exhibited a green nucleus, and
captured images agree with MTT assay results. The

Figure 9.Potentiodynamic polarisation curves of (a)CG-Ti, CT-PEO andCT-EPD, (b)n-Ti, NT-PEO andNT-EPD.

Figure 10.Percentage viability of cells on the substrates, PEO and PEO-EPD coated samples.

Table 6.The potentiodynamic polarisation parameters of
coated samples and substrates in SBFmedium.

Sample Ecorr versus SCE (mV) icorr (mA cm−2)

CG-Ti −501.5 1.05×10−4

CT-PEO −401.2 2.93×10−5

CT-EPD −353.5 1.84×10−6

n-Ti −436.5 3.33×10−5

NT-PEO −355.9 3.85×10−6

NT-EPD −251.4 8.85×10−7
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PEO coated samples demonstrated all live cells with-
out any necrotic cells. The PEO-EPD samples showed
a green nucleus with an elongated structure and a
significantly negligible number of necrotic cells; attrib-
uted to the cells present on these samples were
proliferating and healthy, even though the MTT assay

values are lower than that of the PEO treated samples.
The apoptosis test reveals that PEO-EPD coating
features of coarse-grained and nanostructured tita-
nium in the phosphate-based electrolyte system may
acquire the required nutrients and promote cell
growth on the surface [45, 46].

Figure 11.Epifluorescent images of L-929fibroblast cells on the substrates, PEO and PEO-EPD coated samples.
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3.8.3. Direct contact assay
Thedirect contact assay assesses theL-929 cell adherence
andproliferation around the titanium substrates (CG-Ti
and n-Ti) along with the coated samples (CT-PEO,NT-
PEO, CT-EPD and NT-EPD). A phase-contrast micro-
scope captured the morphology of the cells, and the

respective images are depicted in figure 12. The sample
will appear by black colour in the reported images, and
the seeded cells with growth medium surrounding the
sample will appear in orange colour. It is curious to
observe that the L-929 cells prefer to proliferate and
adhere to the interface.The interfacebetween the sample

Figure 12.Phase contrast image of L-929fibroblast cells on the substrates, PEO andPEO-EPD coated samples.
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and seeded cells becomes a seductive destination for
L-929 cell growth, which is mainly owing to the porous
structure present on the samples. This porous structure
will provide nutrients to the growing cells [43]. It is
clearly observed that adherence and growth of L-929
cells are higher on coated samples compared to the
untreated titanium substrates. Among all the coated
samples, the PEO-EPD coated coarse-grained, and
nanostructured titanium samples provided a more
supportivemicroenvironment for cell growth.

3.9. In-vitro bioactivity study
The orthopaedic and dental implant surfaces should
accelerate the new bone formation and bond with
existing bone throughout the implantation period [47].
The coated samples (PEO and PEO -EPD treated
samples) were immersed in a 7.4 pH SBF medium for
14 days to examine the apatite growth. After 14 days,
the SBF immersed samples surface morphology was
analysed by FESEM to evaluate apatite growth on
the surface. The surface morphology and elemental

Figure13. FESEM surfacemorphology and corresponding EDS spectra of the PEO andPEO-EPD fabricated samples after immersion
in 7.4 pH SBF solution for 14 days.
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composition of the sample are reported in figure13.
From figure13, we can observe no noticeable changes in
surface morphology of PEO coated samples even after
immersion for 14 days. The EDS results of CT-PEO and
NT-PEO coatings show the presence of Ca and P
elements with Ca/P ratios of 1.50 and 1.52, respectively,
much lower than stoichiometric hydroxyapatite (Ca/P
ratio of 1.67). On the other hand, the PEO-EPD coated
samples exhibited significant surface morphology
changes with uniform apatite layer depositions that can
be observed throughout the surface. The PEO-EPD
samples also have strong signals of Ca and P with Ca/P
ratio of CT-EPD and NT-EPD coated samples of 1.63
and 1.65, indicating its bioactivity. The PEO-EPD
treated samples have a higher bioactivity than the PEO
treated samples, characterised by apatite formation on
thewhole surface and its composition.

4. Conclusions

In the present study, Ca and P containing TiO2

bioceramic coatings on coarse-grained and nanostruc-
tured CP-Ti were successfully produced by PEO and
PEO-EPD processes, a comprehensive study of their
architecture and properties was performed, and the
followingmajorfindingswere obtained.

1. The presence of TiO2 oxide filmswith anatase and
rutile phases was confirmed by XRD analysis.
PEO-EPD coatings on both CG-Ti and n-Ti
exhibited higher thickness and compactness as
compared to the PEO coatings. The presence of
Ca and P elements in PEO-EPD coatings was
significantly higher.

2. The NT-EPD sample exhibited high surface
roughness (2.51±0.1 μm) and a lower contact
angle (40°) to attain higher cell viability. Mean-
while, PEO-EPD samples exhibited superior cor-
rosion resistance than PEO samples. NT-EPD
sample has the lowest corrosion current density
(8.85 × 10−7 mA cm−2) among the coated sam-
ples indicating its higher corrosion resistance.
The obtained data clearly indicate the importance
of the effect of nanostructure in the substrate on
the structure and properties of the coatings.

3. Cytocompatibility of the L-929 fibroblast cells on
both CG-Ti and n-Ti substrates, along with
coated samples, are established by apoptosis and
MTT assay. PEO-EPD coated sample exhibited a
green nucleus with an elongated structure,
ascribed to higher cell growth than the substrate
and PEO coated sample.

4. The PEO-EPD coatings on both CG-Ti and n-Ti
samples exhibited good bioactivity by forming a
bone-like apatite layer within 14 days in a
7.4 pHSBFmedium.
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