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A B S T R A C T

In this study, double-layer coatings of graphene oxide (GO)-poly(vinyl pyrrolidone) (PVP) (PGO) were deposited
on the micro-textured Ti6Al4V substrates by electrophoretic deposition. Results revealed that the combination of
micro-dimples and bi-layer PGO coatings significantly reduced the friction coefficient of textured Ti6Al4V from
0.5 to<0.03. PGO layer provided both relatively smooth surface of PVP for suitable adhesion and a rigid layer
of GO for load bearing. Moreover, the textured micro-dimples acted as sinks to preserve the PVP and GO
fragments and wear debris leading to sustain low friction coefficient for a long period of operation. In addition,
our results demonstrated that the bi-layer PGO coating on the micro-textured Ti6Al4V substrate resulted in
significant improvement of MG63 cell attachment and proliferation. In summary, PGO coated textured Ti6Al4V
with simultaneously improved wear resistance and biological function have the potential for orthopedic im-
plants.

1. Introduction

Today, titanium and its alloys have been widely used in various
biomedical applications consisting of cardiovascular and dental im-
plantations, because of their good fatigue strength, low density, high
specific strength, and corrosion resistance [1,2]. However, high friction
coefficient and poor wear resistance limit their applications [2].
Therefore, various surface modification approaches such as anodization
[1], thermal oxidation [3], surface coating [4], employment of lu-
bricants [5] and laser engineering [6] have been developed to improve
its wear resistance. Among various surface engineering methods, sur-
face treatment using laser surface texturing has been introduced to
develop a desire texture or modify the surface properties of material
[7]. Results showed that surface modification using laser texturing
could moderate the surface energy and wettability leading to promote
protein and cell adhesion compared to the commercially available
surfaces [6]. In addition, micro-textured surfaces could endorse wear
resistance properties compared to smooth bearing surfaces [8]. How-
ever, the surface texturing could not prevent from surface wear.

Recently, various coatings such as diamond-like-carbon (DLC)
[9,10], titanium nitride, titanium carbonitride and titanium carbide as
well as lubricants (as both liquid and solid) [11–13] have been suc-
cessfully applied to diminish surface friction and promote tribological
performance of steel, titanium and other industrial materials for various

applications [14]. Lubrication is a process to reduce friction and wear
by decreasing the resistive force between two opposing surfaces [5]. It
is one of the most essential factors for the effective function of human
tissues with moving surfaces, such as articular joints [5]. Various types
of polymers (PVP and PVA [15]) and ceramics (e.g. silicon nitride base
materials [16] and hexagonal boron nitride [17]) have been applied as
lubricants with various lubricative mechanisms. For instance, PVA hy-
drogel could be able to preserve the fluid film between articulating
surface by elasto-hydrodynamic lubrication mode in specific loading
behavior [15]. Between them, polymers are interesting groups of water-
base additives specially to improve tribological properties of lubricant
bases [18]. One of the appropriate kinds of polymer is poly-
vinylpyrrolidone (PVP), a nontoxic and water-soluble polymer con-
sisting of polar amide groups and nonpolar ethylene groups [18]. The
structural properties of PVP make it appealing for surfactant applica-
tions, specifically at biomedical applications [19]. For instance, Katta
et al. [20] studied the friction behavior of poly(vinyl alcohol)(PVA)/
PVP for articular cartilage substitution. Results showed a decrease in
friction coefficient with increasing PVP/PVA content. Guo et al. [21]
also evaluated the tribological properties of PVP for artificial knee joint.
They used PVP solution as a liquid lubricant for a tribo-system consisted
of ultra-high molecular weight polyethylene (UHMWPE) disks and
Ti6Al4V balls. They found that the friction reduced with increasing the
PVP concentration [21]. According to the appropriate lubricating
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characteristics and biocompatibility of PVP, it could be a promising
lubricant for artificial joint pairs. However, the fast degradation rate of
PVP and other hydrophilic based polymers could not be suitable for
long time applications of load bearing tissues such as artificial joint
pairs.

Recently, studies have conducted the use of graphene as additive
solid and liquid lubricants in nano and macro-scales [22,23]. Graphene
is a single layer of carbon atoms with close-packed hexagonal array of
sp2 hybridized bonds [24]. Graphene is one of the most promising na-
nomaterials for various advanced applications such as solar cells,
photocatalysts and energy conversion, thanks to its unique physico-
chemical characteristics, excellent structure and large electrical con-
ductivity as well as mechanical properties and great surface-to-volume
ratio [25–27]. Due to the inherent characteristics of low shear strength
between its layers, low friction and adhesion forces, atomically thin
layer of graphene-based materials has great potential for use as a solid
lubricant in tribological systems [22,28]. For instance, Kinoshita et al.
[23] studied the tribological characteristics of a single-layer graphene
oxide (GO) as an additive to aqueous lubricants and suggested im-
proved lubrication and reduced surface abrasion and friction. A very
low friction coefficient of about 0.05 and no detection of abrasions even
at 60,000 cycles supported this result. In another study, Berman et al.
[28] studied the wear and friction properties of graphene-based coated
steel under dry nitrogen conditions and found that the friction coeffi-
cient decreased from about 1 for pure steel to 0.15 for steel coated with
thin graphene layer.

Recently, a combination of laser surface texturing and various lu-
bricants has been applied to provide an appropriate wear behavior. In
these systems, the micro-dimples, uniformly distributed on the sub-
strates, acted as lubricant reservoirs and the sink for trapping the wear
debris via dry sliding conditions [29–31]. In this regard, micro-dimple
patterned Ti6Al4V samples have been recently coated with a MoS2
layer to improve their friction behavior via dry sliding conditions
[32,33]. However, findings revealed the limited load bearing capacity
of the solid lubricant due to its soft nature. Based on our literature
survey, tribological properties of GO based coatings developed using
EPD on Ti6Al4V substrates have not been investigated, comprehen-
sively. Moreover, the combination of two kinds of solid lubricants of GO
and PVP has never been examined.

The aim of this study was to improve tribological and biological
properties of Ti6Al4V via simultaneous application of laser-surface
texturing and surface coating. In this regard, pulsing laser beam was
applied to make micro-dimples on the substrate. Consequently, GO and
PVP were consequently deposited on the textured surface using EPD
process. It is hypothesized that a two-layer coating of solid lubricants
consisting of GO-PVP on the micro-textured Ti6Al4V surface could act

as a lubricant to decrease friction of the substrate. Moreover, the hard
GO coating expected to promote the load bearing capacity of the solid
lubricant layer.

2. Experimental section

2.1. Materials

Ti6Al4V samples with average hardness of 350 ± 7.6 HV, PVP
powder (Mw=40,000) and tannic acid were supplied by Sigma.
Graphene oxide (99% purity, 6–10 layers, thickness < 7 nm) was
bought from Nanosay Co., Iran. Isopropyl alcohol (2-propanol or iso-
propanol) and ethanol (EtOH) were also provided by Merck Co.
Zirconia ball (ZrO2, diameter= 10mm, Ra=0.05 μm and hard-
ness= 1340 HV) was used in ball on disk wear tester.

2.2. Laser texturing process of Ti6Al4V

Laser texturing was performed on Ti6Al4V samples, according to
our previous research [34]. Two types of sample geometry with rec-
tangular shape with dimension of 20× 10×5mm (for physical-
structural and biological property evaluation) and disk shape with
diameter of 50 ± 0.2mm (for friction behavior evaluation) were pre-
pared. Briefly, a CO2 pulsing laser was used to develop a texture of
micro-dimples with dimple density of 21 ± 2% (wave-
length=6100 nm and power= 70W) (Fig. 1a). The diameter of micro-
dimples and the scan rate of laser process were also selected
186 ± 5 μm and 5mm/s, respectively.

2.3. Surface coating of textured Ti6Al4V substrates

The coating process was performed on the as-textured samples, in
two steps: GO coating and, consequently PVP coating processes using
EPD technique (Fig. 1b). These steps are described in below:

a) Graphene oxide (GO) coating on the laser-textured Ti6Al4V. Before
EPD process, GO suspensions containing various amounts of GO
nanosheets (0.5 and 1 g/l) were prepared in 2-propanol in ambient
temperature and pH=2.5–3. Consequently, the ultrasonic treat-
ment was done for 3 h to assist the GO dispersion in the solution.
EPD cell was setup with a stainless-steel electrode (anode) and a
Ti6Al4V substrate (cathode) with distance of 1.5 cm. Prior to the
EPD process, the textured Ti6Al4V samples were cleaned in acetone
for 30min by ultrasonication. In order to control the morphology of
coatings, the EPD process was conducted at three different voltages
(30, 60 and 90 V) for deposition times of 5 and 10min. Finally, the

Fig. 1. The schematic illustration of the fabrication of the modified Ti6Al4V based on two-step process: (a) laser fabrication and (b) two-step electrophoretic
deposition to develop a double-layer coating of GO and PVP.
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coated samples were removed carefully from the EPD cell and dried
at room temperature. According to the concentration of GO na-
nosheets (0.5 and 1 g/l), the coated samples were named 0.5GO and
1GO, respectively.

b) PVP coating on the laser-textured Ti6Al4V surface. After optimiza-
tion of GO coatings, PVP was consequently deposited on the samples
using EPD process. In this respect, PVP–tannic acid (TA) solution
was first prepared for EPD process. In order to optimize the coating
properties, various concentrations of TA (0.2–0.3–0.5 g/l) and PVP
(0.3–0.5–1 g/l) in absolute ethanol were mixed and pH of solutions
was adjusted to 8.5–9 using 1mM NaOH. The electrochemical cell
for EPD was consisted of a stainless-steel (cathode) and Ti6Al4V
(anode). The distance between the electrodes, the deposition voltage
and time were 15mm, 30 V and 10min, respectively.

2.4. Characterization of the modified surface of Ti6Al4V

The morphology of the modified surfaces was characterized using
optical and scanning electron microscopy (SEM). The phase composi-
tion of the samples, before and after laser surface modification, was
examined via X-ray diffraction (XRD, Phillips, Netherlands, CuKa ra-
diation). Fourier transform infrared spectroscopy (FTIR) was also ap-
plied to characterize the deposited materials. The hardness and Young's
modulus of modified surfaces were also investigated using Nano-in-
dentation technique conducted on a Nano-indentation tester CSM with
an applied load of 10 mN and the speed of 1500 nm/min. Loading and
unloading rates were mentioned at 20 mN/min. 5–10 indentations at

different zones of the coating were performed for each sample.

2.5. Friction evaluation of the surface modified Ti6Al4V

The friction behavior of samples was studied via a ball on disk
tribometer at constant humidity and, consequently, their friction coef-
ficient was estimated. In this regard, the disk-shape samples with dia-
meter of 50 ± 0.2mm were prepared. Friction evaluation was per-
formed via sliding the upper stationary zirconia ball, at a constant
speed (0.1 m/s) and a total distance of 1000m against the lower surface
modified Ti6Al4V alloy disks. Due to low density, excellent mechanical
properties and chemical inertness hardness, both zirconia and alumina
are currently being considered for artificial joint applications [35,36].
For the load-carrying capacity evaluation, various normal loads (1, 2, 4
and 6 N) were applied to the upper zirconia ball at 0.1m/s against
0.5GO coted Ti6Al4V sample for a total distance of 1000m. The tri-
bological behavior of samples was estimated by the friction coefficient
and weight loss evaluation. Furthermore, SEM images and EDS analysis
were used to examine the ball and worn surface. Moreover, the contact
spots on the ball surface were also estimated using SEM images in the
end of the test. In addition, the wear behavior of the samples was de-
termined by measuring the weight loss (mg) of samples according to the
weight difference at each stage with the initial weight of the sample
disks.

Fig. 2. SEM images of the GO coated samples prepared at a constant concentration of 0.5 g/l GO nanosheets (0.5GO) and various electrophoretic deposition
parameters: (a) 30 V-5min, (b) 60 V-5min, (c) 90 V-5min, (d) 30 V-10min, (e) 60 V-10min, (f) 90 V-10min. (g) Cross-section image of the 0.5GO coating prepared
at 90 V-10min condition.
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2.6. Cell culture

MG63 osteoblast-like cell line purchased from the National Cell
Bank of Iran was applied to evaluate the biological behavior of modified
surface of Ti6Al4V samples. Prior to cell seeding, the samples were
soaked in 70% ethanol for 1 h and subsequently were sterilized using 2-
h exposing in UV light. Lastly, MG63 cells were seeded on the samples
and tissue culture plate (TCP, control) (n=3) with a density of 104

cells/well and cultured in a full culture medium containing Dulbecco's
Modified Eagle Medium (DMEM, Bioidea) enriched with 10% fetal
bovine serum (FBS, Bioidea) and 1% streptomycin/penicillin (Bioidea),
for 5 days at 37 °C under 5% CO2 condition.

In order to investigate the cell proliferation on samples, MTT assay
was performed according to manufacturer protocol (Sigma). In this
regard, after 1, 3 and 5 days of culture, 0.5mg/ml MTT solution in PBS
was incubated with the cell-seeded samples for 4 h. After the formation
of formazan crystals, dimethyl sulfoxide (DMSO, Sigma) was used to
dissolve the crystals. Finally, after 1 h incubation at 37 °C, the optical
density (OD) of the solutions was estimated using a microplate reader
(BioTek) at 490 nm against DMSO (blank). Finally, the relative cell
survival (% control) was calculated according the Eq. (1) [37].

=

−

−

×Relative cell viability control
A A

A A
(% ) 100sampl b

c b

e

(1)

where Asample, Ab and Acontrol are related to the samples, blank and
control absorbance, respectively.

In order to investigate the morphology of cells seeded on the sam-
ples, SEM technique was applied. In this respect, after 5 days of culture,
cell-seeded samples were fixed using 2.5% glutaraldehyde (Sigma) for
3 h. Following the dehydration in graded concentration of ethanol
(30–100%) for 10min, the cell-seeded samples were air-dried, and fi-
nally assessed using SEM.

2.7. Statistical analysis

The statistically significance in cell culture results was considered
using one-way ANOVA analyses. Subsequently, Tukey's multiple com-
parison was performed using Graph Pad, Prism Software (V.6) and the
significant differences between samples were taken to be considerable
for p-value<0.05.

3. Results and discussion

3.1. Evaluation of GO-PVP coatings on the Ti6Al4V

Fig. 1a shows a SEM image of the textured Ti6Al4V sample. Results
revealed the formation of mico-dimples with dimple density and dia-
meter of 21.2% ± 0.7, 186 ± 5 μm, respectively. According to our
previous research, this geometry could promote the tribological beha-
vior of Ti6Al4V sample [34]. Consequently, GO nanosheets were de-
posited on the textured Ti6Al4V substrates. To provide an optimal GO
coating, the suspensions containing two different concentrations of GO
(0.5 g/l (0.5GO sample) and 1 g/l (1GO sample)) were prepared. Based
on the SEM images of the coatings at various electrophoretic times and
voltages (Fig. 2 and Supplementary Fig. S1), 0.5GO was selected due to
its more uniformity in the morphology. According to surface roughness
profiles (Supplementary Fig. S2) and Fig. S1, results confirmed the
0.5GO coating was more uniform compared to 1GO samples. In addi-
tion, SEM images revealed that, at lower applied voltage (30 V), in-
creasing the coating time did not show any significant improvement on
the GO deposition (Fig. 2a and d). At the applied voltage of 60 V, in-
creasing the coating time resulted in enhanced GO deposition. How-
ever, deposited GO nanosheets did not display homogenous mor-
phology (Fig. 2b and e). Lastly, increasing the voltage of the EPD
process up to 90 V (Fig. 2c and f) meaningfully increased the GO de-
position, particularly at longer time of the EPD process. After 10min

Fig. 3. Characterization of the 0.5GO coated sample: (a) The XRD patterns of the textured Ti6Al4V and 0.5GO coated sample. (b) Grazing incidence X-ray diffraction
(GIXD) pattern of the 0.5GO coating. (c) The FTIR spectrum of the 0.5GO coated sample.
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deposition at 90 V, a uniform and dense GO coating could be formed.
The role of increasing the EPD voltage on the GO deposition was de-
scribed in a previous research [38]. It might be due to interparticle
repulsion between particles at lower voltages leading to less GO

deposition [39]. At higher voltages, electrical forces overcame this re-
pulsion which resulted in easier formation of GO deposition. Moreover,
the cross-section image of this sample (Fig. 2g) illustrates the formation
of a multilayer GO deposition with thickness of 11 ± 0.85 μm. The

Fig. 4. SEM images of the PVP coated sample at various concentration ratios of PVP: TA, deposited at 30 V for 10min: (a) 1:1, (b) 0.5:0.5, (c) 0.5/0.3 and (d) 0.3/0.2.
(e) The FTIR spectrum of the optimized PVP coating prepared from a solution, containing 0.3 g/l TA and 0.5 g/l PVP, at a deposition voltage of 30 V.
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similar results were reported in a previous research [40].
Based on the morphology of GO coatings, 0.5GO coating deposited

for 10min at 90 V was nominated as the optimal coating for the next
steps of studies. In order to characterize the 0.5GO coating deposited on
the textured Ti6Al4V substrates, XRD patterns (Fig. 3a and b) and FTIR
spectrum (Fig. 3c) were evaluated. The XRD pattern of the textured
Ti6Al4V (Fig. 3A) revealed the α-Ti characteristic peaks, as the main
phase and β-Ti [41]. Moreover, some new peaks of titanium oxides
were identified owing to the surface treatment approach. After 0.5GO
deposition (Fig. 3a and b), in addition to the main peaks of Ti6Al4V and
TiO2, there was a peak at 2θ=11° related to GO nanosheets, con-
firming the presence of GO nanosheets on the surface of substrate.
Other characteristic peaks of GO were not completely visible, which
was likely due to the reduction of the crystallinity of GO during the
electrophoretic process, as similarly reported in the previous researches
[38]. Moreover, FTIR spectrum of 0.5GO coating (Fig. 3c) displayed a
wide peak at 3434 cm−1 raised from the hydroxyl groups of GO.
Moreover, the sharp peaks centered at 1719, 1626, 1387 and
1055 cm−1 were related to the absorption bands of C]O and C]C as
well as OeH deformation of C–OH, and CeO and C–O–C, respectively
[2]. Therefore, it could be concluded that GO nanosheets did not reduce
to rGO, during EPD process. GO nanosheets with the functional oxygen
containing groups could be more useful to deposit subsequent PVP
layer, via the EPD process [0,2].

In order to achieve a uniform PVP coating on the substrate by the
EPD process, the effective parameters on the EPD process were studied.
Fig. 4a–d show the SEM images of PVP coatings at various weight ratios
of PVP: TA (1:1, 0.5:0.5, 0.5:0.3, 0.3:0.2). In the weight ratio of 1:1
(Fig. 4a), the coating was full of cracks and did not disclose a suitable
adhesion to the substrate. Consequently, the concentration of these two
ingredients was reduced by half (Fig. 4b). Although the density of
cracks was lower than the previous sample, there were hollows of
polymer on the surface. Consequently, by reduction of the PVA and TA
concentration, a more uniform coating was obtained (Fig. 4c and d).
The ratio of PVP to TA in the solution (0.5, 0.3) was selected as the

optimal component for the PVP coating. Moreover, FTIR spectrum of
the PVP coating deposited at the optimum condition (Fig. 4e) estab-
lished the attendance of the characteristic functional groups of PVP.
The absorption bands at 1035 cm−1 could be corresponded to CeH
groups of TA and PVP. Furthermore, a peak positioned at 1082 cm−1

was corresponded to the aryl–oxygen groups of the TA molecules. The
bending vibrations of OH groups of TA were also detected at
1203 cm−1. Moreover, CeO vibrations of TA were detected at 1288 and
1320 cm−1. The peaks at 1431 and 1461 cm−1 were also related to the
CeH functional group of PVP and CeN stretching. Finally, after inter-
action between PVP and TA, the C]O functional group of PVP pre-
sented as a broad peak at 1654 cm−1 [42,43]. Regarding to the results
of the FTIR spectroscopy, the interaction between PVP and TA resulted
in the successful deposition of PVP on Ti6Al4V substrates. PVP is an
electrically neutral polymer and could not be uniformly deposited on
the substrate via EPD process. Due to the presence of phenolic groups,
the tannic acid indicates a negative surface charge which could strongly
interact with PVP through hydrogen bonding [43]. This interaction
between the hydrogenated carbonyl group in PVP chain and the hy-
droxyl phenyl group of TA might be beneficial to facilitate the de-
position of PVP during the electrophoretic process.

After optimization of the EPD process for each GO and PVP coating
steps, separately, double-layer coating of GO and PVP (PGO) was per-
formed. Fig. 5a–c show SEM images of the PGO coating at three various
magnifications. Fig. 5a shows the uniformity of GO-PVP (PGO) coating
deposited under optimized parameters. Presence of a thin and trans-
parent layer of PVP could be observed in Fig. 5b and c. The XRD pat-
terns of the textured Ti6Al4V substrate, GO, and PGO coatings are
presented in Fig. 5d. Results showed that the XRD pattern of PGO
coated sample was similar to that of 0.5GO coated sample and consisted
of a short characteristic peak of GO at 2θ=11°. Due to the amorphous
nature of PVP, this coating did not show any identical peak in the XRD
pattern. The FTIR spectra (Fig. 5e) reflected the difference between
0.5GO, PVP and PVP-GO (PGO) coatings. The FTIR spectrum of PGO
consisted of a peak at 3430 cm−1 corresponded to the deposition of

Fig. 5. Characterization of the PGO coated sample: (a–c) SEM images of the PGO coating at diverse magnifications. (d) The XRD patterns of the PGO and GO coated
and untreated Ti6Al4V samples. (e) FTIR spectra of the GO, PVP and PGO coatings.
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PVP. Additionally, by comparing the spectra of 0.5GO, PVP and PGO
coatings, a sharpening and amplification at the functional group cited
at 1663 cm−1 was detected in the PGO pattern. It could be due to the
overlapping of the characteristic peaks of GO and PVP cited at 1626 and
1666 cm−1, respectively [42].

3.2. Friction behavior evaluation of GO-PVP coating on the textured
Ti6Al4Vsubstrates

The simultaneous effects of two solid lubricants (PVP and GO) and
surface texturing on the tribological behavior of Ti6Al4V alloy were
investigated. Primarily, the load-carrying capacity of the 0.5GO coating
was investigated under various normal loads (1, 2, 4 and 6 N) for a total
distance of 1000m (Fig. 6a–e). Results showed that, the friction coef-
ficient of the textured Ti6Al4V alloy coated by 0.5GO coating mean-
ingfully decreased to 0.05 with increasing the applied load from 1N to
4 N. However, the friction coefficient boosted to 0.35 and lost its sta-
bility, when the applied load increased to 6 N. With increasing the
operating load to 4 N, GO tended to stick to the dimples and maintained
their lubrication leading to reduced friction coefficient. According to
the optical images of the damaged surfaces (Fig. 6b–e), GO nanosheets
could be clearly detected inside the dimples, demonstrating the role of
micro-dimples as lubricant reservoirs (Fig. 6b). However, at a higher
loading value (6 N), the surface of the specimen was deformed and
micro-dimples destroyed leading to detachment of GO nanosheets and
enhanced the friction coefficient (Fig. 6b). Therefore, 4 N was selected
as the maximum applied load, which corresponded to a maximum
contact pressure of 153MPa and 71MPa, at the middle and end of

friction test, respectively. Similar to the natural joint, the joint implants
must be able to function under extensive range 3D physiological op-
erating conditions such as slow/fast walking, standing up/sitting down
a chair and walking upstairs/downstairs. Therefore, triaxial load and
angular velocity need to be considered during tribological evaluation.
Therefore, a range of contact pressure was employed in various re-
searches to simulate the contact pressure of hip joint in various situa-
tions [41,42,44,45]. The maximum contact pressure applied in this
research was also in the range of these pressures.

Variations of the friction coefficient of as-received, textured and
0.5GO and PGO textured and coated Ti6Al4V samples, over 1000m
sliding distance, are presented in Fig. 6f. According to these curves, the
friction coefficient of various samples after 1000m sliding distance was
estimated and presented in Fig. 6g. The friction coefficient of Ti6Al4V
was intensely reduced from 0.57 to 0.36, after laser treatment (textured
Ti6Al4V) and subsequently diminished to< 0.03, when PGO was
coated on the surface. Moreover, the friction coefficient of PGO coated
textured sample was 1.6 times less than that of 0.5GO coated textured
sample after 1000m-sliding distance. Furthermore, fluctuations of the
friction coefficient of the coated samples were lower than that of the as-
received and textured Ti6Al4V samples due to polishing of severities on
the coatings. Our results confirmed that double PGO coating offered an
enrichment in the tribological behavior of the substrate. Qin et al. [13]
developed a surface-textured Ti6Al4V alloy and then modified it by an
oxide coating followed by deposition MoS2 film. They found that the
friction coefficient of the modified sample was dramatically reduced
to< 0.59. This substantial reduction in the friction coefficients of
0.5GO coating might be due to the presence of GO and micro-dimples.

Fig. 6. a) Variations of friction coefficient as a function of sliding distance for 0.5GO sample, under various forces of 1 N, 2 N, 4 N and 6 N. Optical microscopic
images of the 0.5GO sample exposed to various forces of b) 1 N, c) 2 N, d) 4 N and e) 6 N. T (f) The variations of the friction coefficient versus sliding distance for the
textured, 0.5GO and PGO coated Ti6Al4V under 4 N applied load. (g) The friction coefficient of various samples at a sliding distance of 1000m(*: P<0.05).
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GO as a solid lubricant has a main role in the reduction of friction.
Graphene slipped smoothly in the interface and therefore reduced
friction, as similarly reported in elsewhere [46]. In another word, PGO
coating dramatically reduced the friction coefficient of 0.5GO coating.
The obtained superior friction behavior of the PGO coated sample was
due to the role of PVP second layer on the surface roughness. GO na-
nosheets and PVP coating changed the surface roughness of textured
Ti6Al4V. The surface roughness of textured Ti6Al4V was
2.2 ± 0.01 μm which reduced to 1.51 ± 0.3 μm, after 0.5GO coating.
Consequently, the presence of PVP in the PGO coating and the strong
interaction between GO and PVP (according to FTIR spectra) led to
reduced roughness of the coating to 0.7 ± 0.1 μm (PGO). Moreover,
the lubrication capacity of PVP played a strong role in the reduction of
the friction coefficient of the PGO coating compared to the 0.5GO.

In order to better clarify the wear mechanism of the PGO coated
Ti6Al4V samples, SEM images of the worn tracks (Fig. 7a) and SEM

image and EDX analysis of ZrO2 ball, after wear test, were examined
(Fig. 7b and c). The worn structure displayed that the PGO film was
peeled off from the textured Ti6Al4V surface. Moreover, the micro-
dimples could intact with ZrO2 ball and the transfer film from the ball
appeared to be broken (Fig. 7a(iii)). The GO and Ti oxides were adhered
on the ball surface (Fig. 7b and c). Moreover, according to the low
magnification SEM image of ZrO2 ball, in the middle and end of friction
test (Fig. S2), the contact spot size enhanced from about 100 μm (in the
middle of friction test) to> 300 μm (at the end of friction test). The
mechanism of low frictional behavior of the PGO coatings is presented
in Fig. 7d. At the early stage of the wear test, the surface of the ZrO2 ball
was glided against the coated surface with PGO (Fig. 7d-i). During the
frequent gliding cycles, the PGO layer was incompletely detached due
to the shearing process and transferred to the surface of the ball. In this
process, PVP layer protected the GO from fully detachment (Fig. 7d-ii).
Subsequently, attached PGO to the surface of the ball resulted in the

Fig. 7. The friction behavior of the PGO coated sample: (a) SEM images of the entire wear tracks (i and ii) and a zoom of the wear tracks consisted of micro-dimples
(iii) on the PGO coated sample, after a sliding distance of 1000m under 4 N applied load. (b) SEM images and (c) EDX analysis of ZrO2 ball (point 1 in the SEM
image), after wear test on the PGO coated sample confirming the cover sticking of the coating to the ball. d) The suggested mechanism for reducing the frictional
behavior of the PGO coated sample.
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lowest friction coefficient. Permanent sliding led to the partial de-
tachment of the PGO layer from zirconia ball and re-transferring to the
textured Ti6Al4V sample (Fig. 7d-iv). Therefore, there was adequate
amount of PGO at the gliding surface to reduce the friction. In addition,
PVP and GO lubricants trapped in the micro-dimples could provide a
thin lubricating transfer film around the dimple, leading to a low fric-
tion coefficient, even at longer sliding time.

Role of graphene based nanosheets on the wear mechanism of
various samples has been previous reported. For instance, Berman et al.
[47] similarly explored the wear characteristics of the graphene coated
440C steel and found that the friction coefficient was diminished from
about 1 to<0.15. In another study, Liang et al. [40] reported good
tribological characteristics of the GO films fabricated on Si substrate.
They found that optimization of the applied voltage during EPD process
could provide a dense GO film with low friction.

3.3. Cell culture

MG63 cells were cultured on the various samples to investigate the
role of 0.5GO and PGO coating on the cell behavior. SEM images of the
MG63 cells cultured on various textured Ti6Al4V, 0.5GO and PGO
coated and textured samples are presented in Fig. 8a–c. Results showed
that while MG63 cells were not fully spread on the textured Ti6Al4V
sample, they spread on the coated surfaces. Cells were expanded among
the GO layers (Fig. 8b). Moreover, greater fraction of surface was
covered with cell, particularly on the PGO coated sample. MTT assay
was applied to assess the cell proliferation on the various samples after
1, 3 and 5 days of culture (Fig. 8d). It could be found that, the pro-
liferation of cells, after 5 days of culture, became significantly higher
than control. After one day of culture, there was not substantial dif-
ference between the viability of the cells cultured on different surfaces.
However, after 3 and 5 days of culture, a significant difference was
detected between the cell survival on the uncoated, PGO, and 0.5 GO
coated samples. Remarkably, after 5 days of culture, the highest per-
centage of cell viability (185 ± 27 (%control)) was determined on the
PGO sample confirming the effective role of PVP and GO on the cell
proliferation. Moreover, our results demonstrated that while the cell
proliferation on the 0.5GO sample did not significantly change during

the 5 days of culture, the PGO coating resulted in a substantial enhance
in cell growth and proliferation (P < 0.05). Zhi et al. [40] investigated
the effects of PVP incorporation in the GO nanosheets on the human
immune cell behavior such as dendritic cells (DCs, T-lymphocytes and
macrophages). They found that GO modified with PVP postponed cell
death, and also unveiled superior resistance to macrophage attacks.
Based on these results, two-layered coating of PVP-GO (PGO) on the
Ti6Al4V surface could promote biocompatibility of Ti6Al4V substrate
making it promising for joint implants.

4. Conclusion

In this study, double-layer GO and PVP coatings were fabricated on
the laser textured Ti6Al4V alloy via electrophoretic deposition process.
Our finding revealed that:

1) Uniform coatings were detected under a cathodic EPD process at a
voltage of 90 V, time of 10min for GO coating and an anodic EPD
process at a voltage of 30 V, time of 10min for PVP coating.

2) The PGO coating resulted in significant improvement of frictional
behavior of micro-textured Ti6Al4V alloy by reduction in the fric-
tion coefficient samples. While the friction coefficient of the as-re-
ceived Ti6Al4V alloy was reduced 1.4 times after surface texturing,
it was noticeably diminished to<0.03, after deposition of a double
layer coating of GO-PVP.

3) The proposed mechanism for the improvement of the friction be-
havior of the PGO coated Ti6Al4V alloy was the lubricating prop-
erties of PVP and GO nanosheets as well as the role of micro-dimples
to storage the PGO layers and wear debris.

4) The proliferation of MG63 cells on the PGO sample was 3.2 and 1.4
times greater than that on the textured Ti6Al4V and 0.5GO samples,
respectively.

5) In summary, the combination of the laser texturing and solid lu-
bricants of GO nanosheets and PVP could effectively promote the
tribological behavior and biological properties of Ti6Al4V alloy.
These significant properties might be promising for orthopedic im-
plants. However, further properties of this double layer coating such
as adhesion strength should be improved before clinical

Fig. 8. Biological properties of samples: SEM image of MG63 cells cultured for 5 days on various samples: (a) Textured Ti6Al4V alloy, (b) 0.5GO coated Ti6Al4V
alloy, (c) PGO coated Ti6Al4V alloy. (d) Viability of MG63 cells cultured for 1, 3 and 5 days on various sample (*: P < 0.05).
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applications.
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