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A B S T R A C T

The purpose of this study was to employ surface texturing, using CO2 pulsing laser, to create micro-dimple arrays
and study the role of diverse geometries of micro-dimples on the physical, biological and tribological responses
of Ti6Al4V. Scanning electron microscopy and X-ray diffraction were applied to study the structural and che-
mical composition of surface treated samples, respectively. Furthermore, the effects of laser treatment on the
surface hydrophilicity, topography and hardness of samples were investigated using water contact angle mea-
surement, surface roughness tester and micro-hardness tester. Results confirmed the noticeable role of scan rate
(0.5, 1, 5 and 10mm/s) on the morphology of micro-dimples, the chemical structure and hardness of the
samples. In this respect, increasing the scan rate of laser irradiation from 0.5mm/s to 10mm/s resulted in the
formation of acicular α-Ti around micro-dimples with various thicknesses. Moreover, micro-hardness of Ti6Al4V
greatly improved to 635 ± 21HV, when the scan rate enhanced to 5mm/s. In addition, the effect of surface
texturing on the attachment, proliferation and spreading of MG63 cells were investigated. Results confirmed that
cell proliferation was significantly improved on the textured Ti6Al4V. Tribological characterization revealed
that poor tribological properties of TiO2 layers on Ti6Al4V could be meaningfully modified using laser texturing,
depending on the geometries of micro-dimples. Additionally, noticeably reduction of friction was obtained on
the textured samples. In summary, laser texturing could be effectively applied to simultaneously enhance the
tribological and biological performances of Ti6Al4V alloy for biomedical applications.

1. Introduction

One of the important present challenges in orthopedic is the total
joint replacements, particularly hip and knee, and a rising tendency to
substitute damaged tissue with artificial organs [1]. Total joint re-
placements are commonly fabricated from a metal femoral component
which articulates with a polyethylene tibial. Every year, there is a large
number of replacing joint implant surgery, due to failure or destruction
caused by mechanical loosening and instability, often leading to os-
teolysis [2]. Therefore, improvement of wear behavior of knee re-
placement components is the main challenge. Among various biome-
dical metals, titanium and cobalt-based alloys are the most common
groups of biomaterials applied for knee replacements [1]. Thanks to
their good biocompatibility and corrosion resistance, and high strength
to weight ratio, titanium and its alloys are extensively applied in or-
thopedic and dental implants [3]. Titanium is an allotropic metal that
has a hexagonal closed packed (HCP) crystalline structure at tempera-
tures below 885 °C (α), and a body-centered cubic (BCC) structure at
temperatures above 885 °C (β). Ti6Al4V, which is the main titanium

alloy for biomedical applications, is an alpha + beta (α+ β) alloy re-
veling excellent ductility and strength after heat-treatment processes
[4,5]. Despite the fantastic properties of Ti6Al4V, due to low work
hardening, weak shear strength and inability to protect the substrate
from wear, and high friction coefficient, the biomedical applications of
this alloy are limited [6].

Recently, a variety of surface treatment and coating approaches
have been employed to improve wear behavior of titanium and its al-
loys [7]. Surface engineering is stated as any process directing to pro-
mote the functionality of material surface by adjusting its geometric
state (such as roughness, shape and, texture), chemical composition and
microstructure. Between these approaches, the tribological properties
of Ti alloys could be effectively improved via surface hardening [8],
surface coating [9], thermal oxidation [10], anodization [11] and laser
engineering [12]. In addition, previous studies confirmed that bio-
compatibility of titanium alloys is strictly depended on the surface to-
pography, composition, and roughness of titanium alloys [13]. For in-
stance, Grizon et al. [14] suggested that titanium with rough surfaces
provided greater bone response than smooth surfaces. Between
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different methods, surface engineering by using laser is a promising
strategy in which melt and/or heat were applied to texture or alter the
surface of substrates [15]. Between various biomedical applications of
the laser, surface melting is a promising technique to enhance the
hardness and corrosion resistance of Ti6Al4V alloy [16]. Moreover,
laser surface texturing is an environmentally friendly method with a
controllable order which could modulate the surface topography and
increase the surface energy, wettability, protein and cell adhesion
compared to the commercially available alloys [12]. Previous results
confirmed that, compared to smooth bearing surfaces, micro-textured
substrates could promote load-carrying capacity and diminish friction
and wear [17]. Chen et al. [18] reported that micro-textures like micro-
grooves developed using Nd: YAG laser improved cell and protein ad-
hesion on Ti6Al4V surfaces. In another study, Yue et al. [19] developed
circular, square and elliptical shapes of textures with almost the same
area density using CO2 laser and reported the influence of textured
surface on the reduction of the coefficient friction of Ti6Al4V alloy.
Kumari et al. [20] developed surface textured Ti6Al4V with liner and
dimple geometries, using ArF excimer laser, and found its improved
mechanical properties, cell function and corrosion resistance. More-
over, laser texturing resulted in a reduction in the friction at a load of
5 N. Hue et al. [21] studied the effect of micro-dimples with different
densities on the friction behavior of Ti6Al4V. They found that the
surface with a higher density of textures had lower friction under dry
sliding. Despite the extensive investigates on the surface texturing of
titanium alloys using laser techniques, limited studies were focused on
the surface texturing by means of CO2 laser. Moreover, the effects of
various laser parameters (such as scan rate of laser process) on the both
simultaneously biological and tribological characteristics of the tita-
nium alloys have not been studied.

In this research, we applied pulsing laser beam in the CO2 atmo-
sphere to develop micro-dimple texture on the surface of Ti6Al4V and
studied the function of laser scan rate on their physical, biological and
tribological properties. We hypothesized that a micro-textured Ti6Al4V
optimized for a prosthetic knee bearing could decrease friction and
wear via improvement of lubrication and trapping wear debries in the
micro-dimples.

2. Materials and methods

2.1. Materials

Ti6Al4V (chemical composition in wt%: Ti-5.81% Al-4.53% V) was
purchased from Sigma with an average hardness of 350 ± 7.6 Hv and
an average thickness of 5mm. Zirconia ball (ZrO2) was produced by
Villeroy & Boch, com, with a surface hardness of 1340 HV and surface
roughness of Ra= 0.05 μm for tribological evolution. For cell culture
study, Dulbecco's Modified Eagle Medium (DMEM-low glucose), strep-
tomycin/ penicillin and fetal bovine serum (FBS) were got from
Bioidea, Iran. Dimethyl sulfoxide (DMSO) and glutaraldehyde (25%)
were purchased from Sigma. MG63 osteoblast-like cell-line was pur-
chased from the National Cell Bank of Iran at the Pasteur Institute
(NCBI code: C555).

2.2. Laser texturing process of Ti6Al4V

Laser texturing process was applied by using a CO2 pulsing laser at a
wavelength of 6100 nm and power of 70W to achieve micro-patterns
with dimple geometry. The geometries of micro-dimples were selected
based on the previous researches focused on the biomedical applica-
tions [22–24]. The input information of CO2 laser system is presented in
Table 1. Supplementary Fig. S1 shows the CO2 laser system applied for
laser treatment approach. Various scan rates of laser process were se-
lected to develop micro-dimple textures with different area densities
and diameters, designed by 2D Auto desk AutoCAD software. The de-
signs executed on square-shaped samples are presented in Table 2.

Ti6Al4V specimens were cut to the square samples with the dimension
of 10mm×10mm×5mm and discs with a diameter of 50 ± 0.2mm
and thickness of 5mm, for wear testing (ball on disc). The substrates
were polished to get a surface roughness (Ra) of 0.2 μm, before laser
process.

2.3. Characterization of laser-textured Ti6Al4V

The microstructure of the laser-textured Ti6Al4V was evaluated by
optical and scanning electron microscopy (SEM, Philips, XL30). The
diameter of the micro-dimples was determined using ImajeJ software.
The phase composition of the samples, before and after laser texturing
and wear test, was investigated using X-ray diffraction (XRD, X0 Pert
Pro X-ray diffractometer, Phillips, Netherlands, CuKα radiation)
(λ=0.154 nm).

The profile of micro-hardness of the treated samples was evaluated
at 10 points for each sample by using a load of 100 N and 30 s. To
determine the depth of micro-dimples, surface roughness tester “SJ-
210/310/410” was used. After cleaning the samples by acetone and
water, the contact angle of samples was estimated to determine their
wettability. In this test, deionized water drops in a volume 0.2 μl were
used. The drop image was stored by a Canon camera with a macro-lens
and contact angle was measured by Image Analysis Program (Image J)
at 5 points in each sample.

2.4. Wear evaluation of laser-textured Ti6Al4V

Tribological properties of the untreated and laser-treated samples
were investigated using a pin on disc tribometer (ball on disc config-
uration) at room temperature and constant humidity. Wear test was
carried out by sliding a zirconia ball with 10mm in diameter, at a
constant speed of 0.1m/s with an applied load of 4.3–12 N/mm for a
total distance of 200m. The selection of alumina ball as the counter-
body component was based on its great hardness, wear resistance,
chemical inertness and electrical insulating characteristics. Moreover,
the experimental wear parameters were selected according to previous
researches [22]. The applied load cell range was related to the hip joint
loading [25]. The wear behavior of samples was determined by mea-
suring the weight loss (mg) (weight difference at each stage with the
initial weight of the disc) of the samples by means of precision balance
0.001 g. Moreover, SEM and XRD techniques were applied to analyze
the wear debris, worn surface and explain the wear mechanisms.

2.5. Cell culture

In order to evaluate the effect of laser texturing on the biological
behavior of Ti6Al4V, MG63 cell line was cultured on the samples.
Before cell seeding, MG63 cells were cultured in DMEM-low glucose
supplemented with 10 vol% FBS and 1 vol% streptomycin/penicillin at
37 °C in 5% CO2. Before cell culture, the samples were sterilized in
70 vol% ethanol for 30min and then, were exposed to ultraviolet (UV)
light for 2 h. Subsequently, the samples were immersed in the complete
culture medium, 24 h prior to the cell seeding. The cells with a density
of 104 cells/well were seeded on the samples and tissue culture plate

Table 1
CO2 laser system specifications used in this work.

Laser processing parameters and conditions

Output wavelength (nm) 6100
Average laser beam power (w) 70
Repetition rate (f) 60 Hz
Scanning speed (v) 0.5–10mm/s
Operation mode Pulsed
Number of laser pulses (N) 3
Active medium CO2
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(TCP, control) and were incubated for 5 days at 37 °C in 5% CO2.

2.5.1. Cell proliferation evaluation
The viability of MG63 cells seeded on the samples was examined by

3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide (MTT)
assay. At the mentioned culture times, MTT solution with concentration
of 0.5 mg/ml in PBS was added to the samples and control (n=3).
After incubation for 4 h, the formazan crystals were dissolved using
DMSO and the optical density (OD) of the solutions was estimated using
a microplate reader (BioTek, 490 nm). Finally, the relative viability of
cells (compared to control) was calculated as below [26]:

=

−

−

×Relative cell viability control
A A

A A
(% ) 100sample b

c b

in which Asample, Ab and Ac are related to the absorbance of the samples,
blank (DMSO) and control (TCP), respectively.

2.5.2. Cell morphology study
Attachment and spreading of MG63 cells cultured on the samples for

3 days were evaluated using SEM imaging. After 3 h-fixation of cell-
seeded samples using with glutaraldehyde solution (2.5%) and 40-min
with 0.1% osmium tetroxide, they were washed with PBS.
Consequently, the cell-seeded samples were dehydrated through
ethanol series (50%, 70%, 90%, and 100%, each for 20min), and air
dried. After gold coating process, the cell-seeded samples were eval-
uated using SEM imaging.

2.6. Statistical analysis

The biological data was considered using one-way ANOVA analyses
and reported as the mean ± standard deviation (SD). To determine a
statistical significant difference between groups, Tukey's post-hoc test
using GraphPad Prism Software (V.6) with a p-value<0.05 was ap-
plied to be significant.

3. Results and discussion

3.1. Characterization of the laser-textured Ti6Al4V alloy

In order to show the role of micro-texturing on the microstructure,
hardness, wettability, biocompatibility and wear behavior of Ti6Al4V,
laser process with different scan speeds of laser irradiation was per-
formed leading to the formation of micro-dimples with four different
densities and dimple diameters. SEM images of various micro-textured
substrates are presented in Fig. 1. Results revealed the formation of
defect-free micro-dimples with uniform dimensions, depending on the
scan rate of laser irradiation. According to the SEM images, the area
density and average diameter of dimples in various samples, as well as
the distance between the dimple redial, were calculated and presented
in Table 2. According to the applied inputs, the diameters and density of
dimples almost enhanced with a reduction in the beam scan rate.
Moreover, the distance between dimples decreased with reduction in
the scan rate. In addition to dimple's diameter and areal density, the
depth of dimples modulated with changing the scan speed of the beam.
Fig. 2 shows the difference in the depth of micro-dimples in four

different samples (L1, L2, L3, L4), estimated using a roughness meter.
Generally, it could be concluded that laser parameters, specifically re-
sidence time or scan speed of beam as well as beam diameter affected
surface roughness. Results confirmed that the depth of melted zone was
in the range of 3–6 μm, depending on the scan speed. While the average
depth of dimples in L1 sample (scan rate of beam=10mm/s) was
about 3 ± 0.3 μm, it was significantly enhanced to about
6.2 ± 0.3 μm at L4 sample (beam scan rate= 0.5 mm/s). Moreover,
the enhanced height of the surface at the edge of dimples, due to the
formation of piled up material, could be detected at both L2 and L4
samples, while could not be clearly detected at two other samples
(Fig. 2a). According to Fig. 2b, when laser beam impacts the surface of
the alloy (Fig. 2b(i)), the surface region around the laser point rapidly
reached the melting point leading to melting at the center of laser af-
fected zone. This process led to formation of a temperature gradient
from the center to the edge of dimples during the laser process. In-
creasing the laser time resulted in the movement of the interface of
liquid/solid phases via diffusion of elements in the liquid phase and,
finally, the piled-up of materials at the edge of the molten pool (Fig. 2b
(ii)). At the last step (Fig. 2b(iii)), due to high cooling rate, holes were
formed on the center of surface and piled up materials at the edge of
dimples were created [27]. According to this mechanism, between
various laser parameters affecting the microstructure of surface, irra-
diance properties, as well as laser exposure time, are very crucial [28].
In this study, due to the constant power of the input beam, the effective
parameter to control the depth of the molten pool was the beam scan
rate, which modulated the residence time of the laser beam on the
surface. In this way, reduction in the speed of beam scan from 10mm/s
to 0.5mm/s enhanced the time of beam placement at a single point
leading to a greater depth of dimples from 3 ± 0.3 μm to
6.2 ± 0.3 μm. This result was similarly reported in previous research
on 316 L stainless steel revealing that power of irradiance and residence
time of CO2 laser beam affected roughness and depth of melted zone
[28]. Kumar [29] studied the role of Nd: YAG laser parameters on the
depth and width of the treated zone of Ti6Al4V substrate. They showed
that increasing the scan rate from 2.5 to 25mm/s led to reduce in the
treated zone depth from 0.5 to 0.2mm and the treated width from 1.9
to 1.2 mm.

In addition to the depth and width of micro-dimples, the laser
process could simultaneously affect the microstructure of the sub-
strates. Fig. 3 shows the optical and SEM images of the as-received and
laser-treated samples consisting of the lowest (L1 sample) and the
highest (L4 sample) area fractions of the textured zones. It needs to
mention that, α phase appears light color in the optical micrographs
and the darker color in the SEM images. According to the optical mi-
crograph and SEM images, as-received Ti6Al4V consisted of fully la-
mellar microstructure with the grain size of 6–8 μm. This micro-
structure consisted of the α-Ti matrix and β phase which distributed
uniformly in the matrix. After the laser treatment process, the micro-
structure of the samples and the distribution of α and β phases was
changed. However, the distribution of α and β phases was similar at
two different treated alloys. According to the optical and SEM images,
laser treatment resulted in the formation of higher α content with
acicular morphology around the dimples (detected using red arrows). In
addition, smaller β phase (darker region) was distributed in the whole

Table 2
The properties of micro-textured Ti6Al4V developed using various laser parameters.

Sample Laser scan speed
(mm/s)

Dimple area ratio (%) Distance of dimples
(μm)

Dimples diameter
(μm)

Contact angle (°)

Untreated Ti6Al4V (N) – – – 49 ± 4°
L1 10 6.5 600 194 ± 19 37 ± 7
L2 1 13.2 520 260 ± 17 52 ± 3
L3 5 21.2 220 186 ± 5 33 ± 5
L4 0.5 42.6 120 267 ± 10 41 ± 3
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microstructure, except around the micro-dimples. It might be due to
rapid solidification of the melted zone leading to the transformation of
α+ β into α-acicular (β-converted) and adsorption of oxygen from the
environment. This fine α acicular martensite phase has a hexagonal
closed packed structure with high hardness, but a relatively low
toughness and flexibility which increases the resistance to wear and
corrosion [28]. Depending on the scan rate, the thickness of α-acicular
phase was changed. In this respect, L3 sample revealed the largest
thickness of α-acicular (20 μm). Furthermore, the gradient of grain size
could be detected on the surface of samples. While the grain size of L1
sample at around the melted zone was in the range of 1–3 μm (point 1
in Fig. 3e), it was about 3–8 μm apart from the melted zone (point 2 in
Fig. 3e). Moreover, according to optical micrographs, compared to L1,
L4 sample consisted of higher α acicular (lighter phase showing with
blue elliptic shape) around the dimples. The grain size between two
dimples was about 2–4 μm (point 3 in Fig. 3h), which was finer than L1
sample. It could be due to the slower cooling rate of L1 than L3.

The phase transformation could be demonstrated via XRD tech-
nique. XRD patterns of the as-received and laser-treated samples
(Fig. 4) confirmed that laser process changed the amounts of α and β
phases, depending on the beam scan rate. XRD pattern of as-received
Ti6Al4V consisted of the majority of α-Ti crystallographic planes
((100), (101), (102), (110), (112), (201) and (104) at 2θ=35.4°, 40.2°,
53.1°, 63.2° and 76.5°, respectively), and β-Ti crystallographic planes
((110) and (211) at 2θ=38.4° and 70.8°, respectively) [28]. Increasing
the number of micro-dimples from L1 to L4 sample led to enhance in
the ratio of α phase to β phase and formation of various types of tita-
nium oxides (e.g. anatase, rutile, and Ti2O3) during or after laser pro-
cess. Reduction of β-Ti content in the structure might be related to the
stabilization of α acicular martensite through high cooling rate [16]. In
addition, the formation of titanium oxides could be due to the reaction
between titanium with oxygen during and after laser processing. For-
mation of titanium oxide was similarly reported in previous researches
focusing on the laser surface treatment of Ti6Al4V for biomedical im-
plants and could be advantageous for both improved wear resistance
and biocompatibility [12].

The changes in the structural properties of the laser-treated Ti6Al4V
could considerably modulate the hardness of samples. The micro-
hardness profile of the various samples as a function of distance from
one dimple is presented in Fig. 5. Generally, laser-treatment improved

the micro-hardness of the as-received alloy from the substrate to the
edge of dimples, depending on the laser texture type. Noticeably, at L3
sample, while maximum hardness was estimated about 635 ± 21 Hv at
the edge of micro-dimples, it was reduced to about 347 ± 16 Hv at the
distance between two dimples, at L2 sample. Enhanced micro-hardness
in the melted zone might be related to the uniformity of the micro-
structure, reduced β phase and formation of acicular α (martensite)
with hcp structure which formed through rapid quenching after laser
process. Acicular α with high hardness and low ductility and toughness
led to enhanced micro-hardness of Ti6Al4V with the higher density of
micro-textured samples (L3 sample). In addition, the improvement in
the hardness of textured Ti6Al4V might be due to formation of oxide
phases in textured zone (such as anatase, rutile and Ti2O3). Similarly,
Singh et al. [30] reported the improvement in the hardness of the laser
treated Ti6Al4V alloys by Nd: YAG laser owing to the formation of
oxide phases in texture zone. Furthermore, enhanced micro-hardness
on the laser surface treated samples might be attributed to the reduc-
tion of grain size according to Hall-Petch relation [31].

The wettability is one of the crucial features of surface engineering
for biomedical materials. According to Table 1, it could be concluded
that surface texturing remarkably promoted the surface wettability of
samples. Noticeably, the water contact angle significantly reduced from
49 ± 4° (at as-received Ti6Al4V) to 33 ± 5° (at L3 sample). However,
it could be concluded that various mechanisms simultaneously affected
the water contact angle consisting of surface roughness and chemical
composition, based on Wenzel and Cassie-Baxter models and their
combination [32]. Results showed that micro-dimple formation with
the lowest density (L1 sample) considerably enhanced the hydro-
philicity of the Ti6Al4V due to superior roughness and formation of
oxide layer on the surfaces. However, increasing the dimple area ratio
to 13.2% (L2 sample) enhanced water contact angle compared to L1
sample. It might be due to the pile-up phenomenon around the dimples
(Fig. 2) limiting the contact surface of the droplet and substrate to the
bumps leading to enhanced water contact angle. Compared to L2
sample, water contact angle on the L3 sample significantly reduced
owing to the formation of surface oxides with higher hydrophilicity and
less pile up. This result was similarly reported in the TiO2–containing
layer formed on the laser treated samples [33]. Finally, the enhanced
density of dimples at L4 sample (42.6%) resulted in reduced hydro-
philicity of samples compared to L3 samples. It could be due to the pile

Fig. 1. SEM micrographs of various surface textured samples corresponding to the micro-dimple density: (a) 6.5% (L1 sample), (b) 13.2% (L2 sample), (c) 21.2% (L3
sample) and (d) 42.6% (L4 sample).
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up phenomenon around the dimples. Our results confirmed that the
wettability of the surfaces depended on the laser process parameters
which directly affected by chemical composition, topography, and
roughness, as similarly reported in previous researches [33]. According
to Wenzel's equation, enhanced surface roughness resulted in reduced
water contact angle and consequently enhanced the hydrophilicity of
samples [34]. In addition to surface roughness, surface oxidization
could noticeably result in improved surface wettability [34]. According
to XRD patterns, laser process resulted in the formation of various ti-
tanium oxide types consisting of TiO, TiO2 (rutile and anatase) and
Ti2O3. In addition, laser texturing via surface melting process could
meaningfully improve the surface energy of samples followed by the
wettability of surfaces [23].

3.2. Biological properties of laser-textured Ti6Al4V alloy

According to previous researches, cell responses were affected by
surface properties including chemical composition and surface rough-
ness [35]. In order to evaluate the role of various laser-treated surfaces
on the cell responses, MG63 cells were cultured on the samples and cell
morphology and proliferation were evaluated. From MTT results
(Fig. 6), it could be found that, after 3 days of culture, the cell

proliferation was significantly higher than that of on the control. Fur-
thermore, our results confirmed that laser texturing significantly
changed cell proliferation, depending on the laser process condition.
For instance, while the cell survival after 3 days of culture on Ti6Al4V
sample was 112 ± 37 (%control), it was meaningfully improved
(206 ± 7 (%control)) at L4 sample thanks to considerably endorsed
hydrophilicity. In contrary, the proliferation of cells on the L2 was 1.6
times less than that of on the untreated Ti6Al4V.

SEM images of MG63 cells cultured on the samples for 3 days are
presented in Fig. 7a. Results showed that the cells spread on the surface
of all samples, specifically the micro-textured samples. While the cells
were not expanded well on the surface of Ti6Al4V, they covered the
micro-dimples of textured samples. Similarity, Mirhosseini et al. [23]
similarly reported that despite the biocompatibility of Ti, cell growth on
the surface of untreated Ti was not uniform in whole surface. Cells were
gathered in some areas. However, our results discovered that the
fraction of laser-treated samples coved by cells was different, depending
on the laser process condition. The area fraction of substrates covered
by cells is presented in Fig. 7b. Between various laser-treated samples,
more fraction area of L1 (78 ± 2%), L3 (72 ± 6%) and L4 (82 ± 9%)
samples were covered by cells. Moreover, no detectable cells were
found on the micro-dimples of L2 sample, and only a few numbers of

Fig. 2. (a) The changes of micro-dimple depth in various samples obtained via surface roughness tester. (b) The schematic showing the formation of micro-dimples
during laser process.
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cells could be detected between the dimples. These results might be due
to the pile-up around the micro-dimples on L2 sample leading to re-
duced hydrophilicity of this sample compared to others. Similarly,
Georgi et al. [36] showed that the proliferation of fibroblasts enhanced
with increasing surface wettability. Chen et al. [18] investigated initial
attachment and orientation of osteoblast-like cells on longitudinally-
and transversally-oriented micro-grooves developed using the laser ir-
radiation on Ti6Al4V surfaces. They showed that cell attachment and
spreading was significantly improved on longitudinally- and transver-
sally-oriented micro-grooves and enhanced with increasing culture
time. Generally, substrate characteristics, such as surface energy,
chemistry, roughness, and topography are of crucial factors for the
adsorption of proteins and consequently cell attachment and pro-
liferation [37]. Among them, metal oxides formed on metal surfaces are

important factors affecting the biological behavior of a substance. Other
researches also similarly reported that an increase in surface roughness
and surface energy led to improved cell adhesion and proliferation
[23].

3.3. Wear characterization of laser-textured samples

One of the crucial issue of Ti6Al4V for biomedical implants, speci-
fically hip and knee prostheses, is its weak wear characteristic. Many
parameters are effective on wear behavior of a tribo-system, consisting
of contact pressure, sliding distance, velocity, temperature and hu-
midity as well as material characteristics [28,38]. According to math-
ematical models, metals with lower shear strength have higher friction
than metals with high shear strength [28]. Hence, to enhance the sur-
face strength and reduce the friction coefficient and the adhesion wear,
surface treatment of Ti-based alloys was recommended [39]. In this
study, the role of laser texturing and its parameters on the wear be-
havior of Ti6Al4V was evaluated. Wear test was performed under the
pin-on-disc tribo-system using Ti6Al4V discs with diameter of
50 ± 0.02mm and a zirconia ball with 10mm in the diameter and
hardness of 1340 Hv, at constant temperature and humidity under a
constant speed of 0.1 m/s. In order to assess the wear behavior, the
weight loss and friction coefficient of various samples were studied.
Primarily, the load test was performed by means of 5, 10, 15, 20 and
25 N loads at a distance of 50m for each load. The weight loss of the
discs at the end of 50m for each applied load is presented in Supple-
mentary Fig. S2. According to the weight loss result as well as the range
of force on the knee joint, 7 N was selected as the appropriate load for
next experiments.

To determine the wear mechanisms in each sample, wear test was
performed under the load of 7 N and velocity of 0.1m/s at a distance of
200m for all samples (Fig. 8). Our results revealed that the weight loss
of all textured Ti6Al4V samples (Fig. 8a) was less than that of the as-
received Ti6Al4V sample. Noticeably, while the weight loss of as-re-
ceived Ti6Al4V sample was 2.7 ± 0.1mg, it was reduced to

Fig. 3. Optical and SEM images of various Ti6Al4V based samples at differant magnifications: (a (100×), b (500×) and c) untreated Ti6Al4V, (d (100×), e (500×)
and f) L1 sample, (g (100×), h (500×) and i) L4 sample.

Fig. 4. X-ray diffraction patterns of untreated (N) and various surface-treated
samples.
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2.0 ± 0.1mg at L1 sample, after 200m of wear test. It is well known
that there is always a thin oxide film on the Ti-based alloy surfaces.
However, thanks to the weak protection of thin film, this oxide film on
the untreated surface could not play a potent role for the surface. At the
high loading conditions, in contact with another metal surface, the
oxide film was easily removed from the substrate surface, leading to
direct contact between the metal and hence severe adhesive wear. The
reduction of weight loss in the laser-treated samples compared to as-
received one could be attributed to the absorption of wear particles
inside the micro-dimples, the hardening of the samples and the for-
mation of surface oxides. Moreover, the existence of micro-dimples

acted as a pool for wear particles to trap them. In addition, the depth,
diameter and shape of dimples were effective on the amount of wear
debris which trapped inside pools. For instance, the weight loss of
micro-textured Ti6Al4V enhanced from L1 sample (2 ± 0.05mg) to L4
sample (2.7 ± 0.05mg). It might be due to less hardness of L4 samples
which resulted in enhanced weight loss compared to other micro-tex-
tured samples. Moreover, the pile-up materials at the edge of the
dimples at L2 and L4 samples due to the less scan speed could control
the weight loss during the wear test. The pile-up materials at the edge of
dimples could enhance surface roughness and counterfaces leading to
the increased wear rate and vibration at the contact surface between the
pin and the disc [40].

The friction coefficient of samples under a load of 7 N and a distance
of 200m was also investigated. According to Fig. 8b and Supplementary
Fig. S3, it could be found that the friction coefficient significantly re-
duced from 0.43 ± 0.05 (at as-received Ti6Al4V) to 0.31 ± 0.06 (at
L3 sample). It might be related to the improved surface hardness of the
micro-textured surfaces, the function of these dimples to reserve wear
particles, and formation of the oxide layer in the laser process. As
mentioned, these cavities acted like sinks in which the wear particles
accumulated there, and prevented from the wear of the three-body
scratches which could be occurred due to the free movement of wear
particles between the ball and disc interfaces. However, increasing the
dimple area ratio to 42.5% (at L4 sample) resulted in enhanced friction
coefficient. Since the distances between the cavities in the L4 sample
(120 μm) was less than that of other samples (600, 520 and 220 μm for
L1, L2, and L3, respectively), it could reduce the contact surface which
resulted in the concentration of stress at the contact point leading to the
enhanced destruction and wear on the surface. Similarly, Kumaria et al.
[20] examined the friction coefficient of Ti6Al4V samples which were
textured using ArF excimer laser. They found that friction coefficient of
Ti6Al4V reduced from 1 to< 0.55. Moreover, Hu et al. [21] in-
vestigated the friction coefficient of Ti6Al4V against steel pins at

Fig. 5. Micro-hardness profile of various surface-treated Ti6Al4V samples in the distance between micro-dimples, in the load of 100 N.

Fig. 6. MTT assays of MG63 cells seeded on untreated (N) and micro-textured
Ti6Al4V after 5 days of culture (*: P < 0.05).
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different dimple densities (13%, 23%, and 44%). They revealed that
under low applied load (1 N), due to the aggregation of debris inside
dimples, the friction coefficient decreased from 0.8 in the un-textured
sample to about 0.2 in the high dimpled-density sample. Nevertheless,
when the applied load increased to 10 N, the effective area of contact
enhanced leading to the increased friction coefficient. Our results
confirmed that between various samples consisting of various dimple
densities, sample L3 revealed the optimized condition to control friction
coefficient making it ideal for load-bearing applications.

3.4. Analysis of worn surfaces

The worn surfaces of the un-textured and laser-textured samples are
presented in Fig. 9. The presence of rough grooves and a deep ap-
pearance at the surface of un-textured Ti6Al4V confirmed the presence
of abrasive wear mechanism. Moreover, the plastic shape changes could
be detected at the worn surface of un-textured Ti6Al4V due to the low
shear strength of the Ti6Al4V alloy leading to adhesion and smearing
the wear particles on the surface. This mechanism was attributed to the
separation of particles from the surface and their accumulation at the
edge of the grooves. This mechanism was similarly reported in previous

Fig. 7. MG63 cell morphology on the various Ti6Al4V samples: (a) SEM images of MG63 cells cultured on various Ti6Al4V samples. (b) Cell spreading, the fraction of
the area of surface samples covered with MG63 cells.

Fig. 8. (a) The weight loss of samples as a function of the sliding distance under 7 N loading. (b) Friction coefficient graph of untreated (N) and laser-treated samples.
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researches [31]. Compared to the untreated sample, the grooves formed
on the L1 sample were softened, and the amount of lamination and
plastic shape changes were far less than untreated alloy. It might be due
to the trapping of the wear particles inside the dimples and the re-
duction of stress concentration at the point of contact between the ball
and the disc. At L2 and L3 samples, there was less spoilage, and the
wear mechanism was more abrasive with parallel grooves. Moreover,
some micro-cracks were identified, due to the fatigue wear mechanism.
Finally, the surface of sample L4 consisted of a large variety of plastic
deformation and cracks while deep grooves were detected. The cross-
section image of the worn surface could help to indicate the wear
mechanisms. The cross-section images of un-textured Ti6Al4V, L1 and
L3 samples after the wear test are presented in Fig. 10a. While the
blunder could be detected at un-textured Ti6Al4V clearly, L1 sample
consisted of parallel and pitting grooves at the edges of grooves. Fur-
thermore, worn surface of sample L3 consisted of a very little blunder at
the edges of dimples. These results demonstrated that increasing the
density of the dimples from 6.5% in L1 to 21.2% in L3 sample resulted
in the formation of parallel grooves on the surface indicating abrasive
wear was reduced. It might be due to the trapping of wear particles
inside the dimples and the reduction of three-body abrasive wear. The
similar mechanism was reported in previous researches. For instance,

Singh et al. [31] reported plastic deformation and adhesion mechanism
for laser treated Ti6Al4V. In another study, Chikarakara [28] in-
vestigated the effects of high-speed laser surface modification to form
channel-like grooves on Ti6Al4V for biomedical implants by using the
CO2 laser. They showed the transformation in microstructure and in-
creasing in micro-hardness of surface and wear resistance of the alloy.
The similar wear mechanism was reported in this study.

In order to evaluate the mechanism of wear in various samples, SEM
images of wear debris were investigated (Fig. 10b). Results showed the
formation of wear particles with various morphologies, depending on
the laser-texturing process of the Ti6Al4V alloy. According to previous
researches, while the smaller debris was the product of the abrasive
and/or adhesive wear mechanism, larger sheet–like particles was re-
lated to the delamination and fatigue wear [41]. Our results revealed
that the worn surface of the un-textured Ti6Al4V sample consisted of
the wear particles with both plate and sheet-shaped morphologies
confirming the abrasive mechanism (plate-shaped particles) as well as
delamination mechanism due to fatigue wear (sheet-shaped particles).
However, according to SEM images, delamination and fatigue wear
were the main mechanisms. In contrary to the un-textured Ti6Al4V
sample, the plate-shaped of wear particles obtained from L1 sample
showed the abrasive mechanism as the main mechanism. Furthermore,

Fig. 9. SEM micrographs of worn surfaces of the samples under dry friction at 7 N and distance of 200m: (a) untreated Ti6Al4V (N), (b) L1, (c) L2, (d) L3, (e) L4.
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L3 sample consisted of finer plate debris revealing the abrasive wear as
the main mechanism. This behavior might be due to the significantly
higher hardness of L3 sample (680 ± 21 Hv) compared to L1 and un-
textured Ti6Al4V.

Our results confirmed that the modulation of several characteristics,
such as surface hardness and hydrophilicity, could noticeably affect the
biological and tribological responses of the Ti6Al4V alloy. According to
the features of micro-dimpled samples with various geometries, L3
sample revealed the optimized biological and tribological responses
making it ideal for knee implant materials.

4. Conclusion

In this study, laser texturing of Ti6Al4V alloy with four different
dimple geometries were developed using CO2 laser with different beam
scan rates (0.5 mm/s (L4 sample), 1mm/s (L1 sample), 5 mm/s (L3
sample) and 10mm/s (L1 sample)). From the comprehensive research,
the following conclusions are presented:

(1) Laser texturing of Ti6Al4V were successfully developed using CO2

laser leading to the formation of periodic micro-dimple arrays with
various geometries, depending on the scan rate of the beam
(0.5–10m/s)

(2) Improvement of micro-hardness and wettability was accomplished
due to modulation of microstructure and chemical composition of
micro-patterned Ti6Al4V, depending on the scan rate of the laser
beam.

(3) MG63 cell attachment, proliferation and spreading were effectively
promoted using laser-texturing process, depending on the surface
geometry. Noticeably, after 3 days of culture, the cell proliferation
on the L3 sample was 1.5 and 2.3 times higher than that of on the
Ti6Al4V and L2 samples, respectively.

(4) The area fraction of samples covered with MG63 cells was sig-
nificantly enhanced on L1, L3 and L4 samples compared to control
(Ti6Al4V).

(5) Laser texturing resulted in significantly improvement of wear

resistance via reduced weight loss and the friction coefficient of
samples. It could be attributed to the promoted micro-hardness,
controlled microstructure and formation of oxide phase on the
surface.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.surfcoat.2019.01.113.
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