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ABSTRACT: The poor biotribological properties and bioinertness
of Ti6Al4V have restricted its application in biomedical materials.
In this study, microgrooves of different widths were prepared on
the surface of a Ti6Al4V alloy by laser treatment. The tribological
properties under dry lubrication and simulated body fluid (SBF)
lubrication conditions, the electrochemical corrosion properties in
SBF solution, and the bone marrow mesenchymal stem cell
(BMSC) behavior on the surfaces were systematically tested. The
corresponding mechanisms were discussed. The results showed
that Ti6Al4V with a microgroove width of 45 pm (Ti64-45)
exhibited excellent wear resistance with decreasing wear rates of
89.79 and 85.43% under dry friction and SBF lubrication compared
to the Ti64 sample, which might be due to the increase of surface microhardness. Moreover, the excellent anticorrosion performance
of Ti64-4S was attributed to the grain refinement on the titanium alloy surface with a lower volume fraction ratio of # phase to a
phase. In addition, the microgrooves with a width of 45 ym are more conducive to BMSC proliferation and adhesion, related to
promoting cell signal transduction due to cell extrusion. These studies imply that the microgroove structures are potential for
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application in the medical field.

1. INTRODUCTION

Ti6Al4V is widely used for surgical implants. However, its poor
wear resistance and biological inertia have a great effect on the
service life of titanium alloy implants, especially bone
implants.'~* The debris from wear and corrosion might react
with bone tissues, leading to implant loosening.s_7 Moreover,
the weak interface bonding between the implant and bone also
accelerates implant failure.”” Therefore, it is necessary to
improve the antiwear and anticorrosion properties and
bioactivity of titanium alloys through surface modification.
Generally, surface treatment methods include surface
10-12 Among them,
laser processing technology, as a popular surface texturing
method, has been concerned due to its nontoxic, environ-
mentally friendly, simple, feasible, accurate, and controllable
features. Several research studies reported that the micro-
structures obtained by laser texturing technology have a positive
effect on the surface properties of materials, such as the
improvement of tribological behavior, electrochemical corro-
sion performance, and biological activity."”™"> Wu et al.'®
studied the influence of laser texture micropatterns on the
tribological properties of titanium alloys and pointed out that
the antiwear properties of titanium alloys were significantly
improved in the friction process. The reason might be attributed
to the increasing bearing capacity and the function of capturing

texturing and surface coating techniques.
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debris from the structure. Similar studies have been confirmed
by other researchers.'” Xu et al.'"® enhanced the corrosion
resistance of the titanium alloy surface by laser processing. It was
found that the effect of the treatment on the corrosion resistance
of the surface was mainly due to the phase transformation of the
substrate. Kumari et al.'” also pointed out that the significant
improvement of anticorrosion on the laser-treated material
surface might be due to the surface grain refinement and
homogenization of the microstructure. Furthermore, according
to the previous research,'” the laser-textured microstructure can
affect the cell behavior and bone integration of implants. Some
researchers have pointed out that among these microstructures,
laser-microgrooved structures have a positive promotion effect
on the tribological behavior, anticorrosion properties, and
bioactivity of the material surface.”®™> Therefore, texturing
microgroove structures on the titanium alloy’s surface is a
teasible method for improving implant surface properties.
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Figure 1. Schematic of the laser surface-microgrooved process on Ti6Al4V alloy plates.

Table 1. Surface-Microgrooved Laser Parameters

parameters  pulse speed (mm/s) frequency (kHz)  power (W) distance (cm) scan times  spot diameter (um) laser energy density (J/cm?)
Ti64-25 400 35 1.5 11.7 37 10 54.6
Ti64-35 300 30 2.5 12.4 42 S 424.4
Ti64-4S 600 32 3 12.7 S5 S 477.5
Ti64-55 300 30 2.7 12.0 S0 10 114.6
Ti64-65 700 30 3 11.4 124 10 127.3

In addition, as previous reports described, the laser micro-
groove parameters might significantly affect the surface
performance.””* Several studies”~** indicated that the widths
of microgrooves had an important effect on the wear resistance,
corrosion resistance, and cell response of the material surface,
and they pointed out that the difference in mechanical
properties and the microstructure crystal phase structure are
the main factors affecting surface properties. Bhaduri et al.”’
reported that the groove arrays with a width of 40 um effectively
improved the tribological performance on tungsten carbide
(WC) blocks. Moreover, Raimbault et al.*° pointed out that
cellular behavior was sensitive to the width of the microgroove,
related to the arrangement and growth of cells. Gui et al.’!
prepared the grooves on the silicon substrate with a width of 5—
20 pm and implied that the groove with a 20 ym width increased
the number of osteoblast soars. However, there is no unified
conclusion on the optimistic microgroove width, beneficial to
the improvements of antiwear, anticorrosion, and bioactivity
simultaneously. Therefore, it is necessary to investigate the effect
of textured microgroove patterns on the enhancement of
tribological properties, corrosion resistance, and biological
activity.

In this study, microgrooves of different widths were processed
on the surface of titanium alloy by adjusting UV nanosecond
laser parameters. The morphology and chemical composition of
the textured surface were characterized by scanning electron
microscopy (SEM), laser confocal microscopy (LSCM), and X-
ray diffraction (XRD). The effects of microgroove width on
surface roughness, mechanical properties, and wettability of the
titanium alloy were investigated. The biotribological properties
in dry friction and SBF solution, corrosion resistance, and bone
marrow mesenchymal stem cell (BMSC) behavior of the
titanium alloy with different groove widths were evaluated. The
corresponding mechanisms of antiwear, anticorrosion, and
bioactivity were analyzed through surface characterization.
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2. MATERIALS AND METHODS

2.1. Materials. Ti6Al4V alloy plates (medical grade, referred
to as Ti64) were purchased from Baoji Junhang Metal Material
Co., Ltd. and the chemical composition of the Ti6Al4V alloy is
listed in Table S1. They were machined into dimensions of 10
mm X 10 mm X 2 mm (length X width X thickness) by wire
cutting, and polished to a roughness (R,) of 0.2 + 0.02 ym. They
were ultrasonically cleaned with deionized water and anhydrous
ethanol three times, respectively. Si;N, ceramic ball was
purchased from Shanghai Wha Bearing Co., Ltd. Acetone,
anhydrous ethanol, and other solvents in this work are
analytically pure, purchased from Shanghai Sinopharm Group
Co., Ltd. Simulated body fluid (SBF) was purchased from Xian
Hutt Biological Co., Ltd. Its solution composition is shown in
Table S2. Fetal bovine serum was purchased from Gibco.
Paraformaldehyde, penicillin, streptomycin, 4',6-diguinyl-2-
phenyl indole, and rhodamine ghost pen ring peptide were
purchased from Sigma-Aldrich. Cell counting kit-8 was
purchased from Dojindo Laboratories in Kumamoto, Japan.

2.2. Laser Equipment and Parameters. A UV nano-
second laser (Shanghai Fermi Laser Processing Co., Ltd.) with a
wavelength of 355 nm and total power of 5 W was applied to
process a microgroove structure on the surface of a Ti6Al4V
alloy plate. The schematic diagram of the principle is shown in
Figure 1. Microgroove patterns with different widths were
obtained by adjusting the laser processing parameters. The
corresponding laser parameters are shown in Table 1. The laser-
processed titanium alloy samples were referred to as Ti64-25,
Ti64-35, Ti64-4S, Ti64-55, and Ti64-65, according to the width
of the microgrooves. The textured parameters of the sample can
be marked as width (W), spacing (4), and depth (D). At the
same time, the corresponding laser energy densities (E) were
calculated by formula 1, respectively.”” The prepared samples
were ultrasonically cleaned with acetone and deionized water for
1S min.
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where E is the laser energy density, P is the average power, Z is
the frequency, and r is the spot radius.

2.3. Surface Wettability Measurement. The static
contact angle (CA) of the sample surface was measured by the
droplet suspension method with a contact angle tester (DSA30,
Kruss, German). The wettability of the titanium alloy surface
was further evaluated by calculating the CA value. The detail test
method was as follows: the deionized water was dropped on the
surface of Ti64, Ti64-25, Ti64-35, Ti64-45, Ti64-55, and Ti64-
65 sample plates. The CA value of the sample surface is obtained
by calculating the spherical approximate value of the surface
droplet. Each group of samples was tested five times and the
average value was taken.

2.4. Surface Microhardness Measurement. A Vickers
hardness tester (MC010-HVS-1000, China) was used to
measure the surface hardness of Ti64, Ti64-25, Ti64-35, Ti64-
45, Ti64-5S, and Ti64-65 sample plates. The set load was 100 g.
Samples were tested five times under each condition and the
obtained average value was the final microhardness.

2.5. Electrochemical Corrosion and Biotribological
Property Tests. To study the influence of the microgroove
structure on the corrosion resistance of the titanium alloy surface
in SBF solution, the electrochemical corrosion behavior of
sample plates (Ti64, Ti64-25, Ti64-35, Ti64-45, Ti64-SS, Ti64-
65) in SBF solution at 37 °C was tested by an electrochemical
workstation (CHIT60E, Shanghai Chenhua Co., Ltd.). More-
over, the corrosion potential and self-corrosion current density
of the samples were analyzed through the workstation.

The tribological tests of titanium alloy samples were recorded
using a tribometer (UMT-3, Bruker). The test module was a
reciprocating ball—plate module. The test conditions of the
sample under dry friction and SBF solution lubrication were as
follows: room temperature, applied load 1 N, frequency 1 Hz,
amplitude 2 mm, and test time 1800 s. As shown in the
schematic diagram of tribological measurements (Figure 2),%?

Figure 2. Schematic diagram of biotribological measurements using a
tribometer.

the upper friction pair was a Si;N, ball (® 6 mm), with a R, of
0.02 ym and a Vickers hardness of 1500 HV. The titanium alloy
sample was the lower friction pair. The real-time friction
coeflicient curve was automatically recorded by a computer.
Each group of tribological tests was tested three times, and the
average value of the average friction coefficient was taken as the
final data.

After the friction tests were completed, the wear rate (k, mm®/
(N'm)) of the surface of those titanium alloy samples was
calculated according to formula 2.8

where V is the wear volume, X is the sliding distance, and Fy is
the applied load.

2.6. In Vitro Bioactivity Test. The cell evaluation
experiment on the titanium alloy surface before and after the
microgroove treatment follows the principles of the Declaration
of Helsinki. Before the experiment, six groups of titanium alloy
plates (including Ti64, Ti64-2S, Ti64-3S, Ti64-4S, Ti64-5S, and
Ti64-65) were sterilized at high temperatures and high
pressures. In addition, the BMSCs were isolated from female
CS57BL/6 mice aged 4—6 weeks. First, BMSCs were washed out
of the tibia and femur of the mouse by MEM Alpha modification
(a-MEM) in a sterile environment. Subsequently, the cells were
centrifuged at 1000 rpm for 8 min, and cultured in a-MEM
containing 10% fetal bovine serum and 1% penicillin and
streptomycin, and the temperature was controlled to 37 °C.
After the cells were cultured for 3 days, the original medium was
replaced with a fresh medium. The cell confluence rate reaches
80—90% for the following cell proliferation experiments.

To evaluate the cell viability of BMSCs on the titanium alloy
sample plates, BMSCs (2 X 10* cells/mL) were inoculated on
24-well culture plates containing different samples. After 1, 3,
and 7 days of culture, according to the manufacturer’s
instructions, the activity of BMSCs on the samples was
quantitatively tested with a cell counting kit-8 (CCK-8). In
addition, the adhesion performance of BMSCs on Ti64, Ti64-
25, Ti64-3S5, Ti64-4S, Ti64-5S, and Ti64-65 samples was
studied. First, BMSCs were inoculated and cultured on the
sample plates. After 1 day, the cells on the sample plates were
fixed with 4% paraformaldehyde for 15 min. Subsequently, the
fixed cells were washed three times with a phosphate buffer
solution. After that, the cells were cultured in DAPI solution for
S min to stain the nuclei. The cytoskeleton was stained by
immersing in rhodamine cyclopeptide solution for 30 min.
Finally, the cells that adhered to the sample surface were
characterized with a fluorescence microscope. In the fluo-
rescence image, the nucleus is marked in blue color and the
cytoskeleton is marked in red color.

2.7. Analysis Methods. The microstructure and chemical
composition on the surfaces of these titanium alloy samples
before and after texturing were characterized by a scanning
electron microscope (SEM, FEI Nova 450) and an energy-
dispersive X-ray spectrometer (EDX) at 10 kV voltage. The
three-dimensional topography of the sample surface was
characterized by a confocal laser microscope (CLM, VK-
X100). VK analysis software was used to measure the surface
roughness of titanium alloys with different microgroove widths.

X-ray diffractometer (XRD, D8 Advance, Germany) was used
to analyze the crystal phase state of Ti64, Ti64-2S, Ti64-3S,
Ti64-45, Ti64-55, and Ti64-65 samples. To obtain the ratio of
the volume fraction of the a phase to the  phase on the sample
surface, Origin 9.1 software was applied to fit the XRD spectra of
each sample.”” According to formulas 3 and 4, the volume
fraction of the a phase and the volume fraction ratio of the
phase to the /3 phase can be calculated, respectively.'®
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Figure 3. Surface morphologies of titanium alloy specimens before and after texturing. (a—f) SEM images of Ti64, Ti64-25, Ti64-35, Ti64-45, Ti64-S5,
and Ti64-65 plates; (al—f1) 3D topography of Ti64, Ti64-25, Ti64-35, Ti64-45, Ti64-5S, and Ti64-65 plates.

where @, is the volume fraction of the a phase on the titanium a phase and the f phase (the 20 angle range is 34—43°), and @ is
alloy, S, and Sj are, respectively, the sum of the peak areas of the the volume ratio of the 3 phase to the & phase.
31084 https://doi.org/10.1021/acsomega.2c03166
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A three-dimensional optical profiler (white light interfer-
ometer, WLI, Contour GT-KO, Bruker, Germany) was
conducted to test the 3D profile and wear rate of the worn
surface of the samples.

3. EXPERIMENTAL RESULTS

3.1. Morphological Characterization. The surface
morphology of the titanium alloy treated with UV nanosecond
laser treatment was characterized by SEM and CLM, as shown in
Figure 3. It can be seen from Figure 3a—f (SEM images) that the
groove patterns with different groove widths were obtained on
the surface of the titanium alloy by controlling the laser texturing
parameters. Moreover, a small amount of deposition was
observed on the edge of the microgrooves of the titanium
alloy. This might be attributed to the formation of a remelting
layer on the titanium alloy surface after the thermal effect during
laser processing. Figure 3al—fl shows the three-dimensional
topography of Ti64, Ti64-25, Ti64-35, Ti64-4S, Ti64-5S, and
Ti64-65 samples. The corresponding sample parameters were
measured and are listed in Table 2. It can be seen from Table 2
that the groove width (W) and the groove spacing (1) are
precisely controlled during the laser treatment. The depth (D)
was in the range of 9—13 ym.

Table 2. Parameters of Microgrooved Ti6Al4V Alloy Plates”

samples W (pm) A (um) D (um)
Ti64-25 25 100 10.4
Ti64-35 35 100 9.8
Ti64-45 45 100 11.1
Ti64-55 SS 100 109
Ti64-65 65 100 12.3

“Note: W represents the width of the textured microgroove, A
represents the spacing of the textured microgroove, and D represents
the depth of the textured microgroove, with a range of 9—13 ym.

3.2. Surface Roughness of Titanium Alloy Samples.
The surface roughness of titanium alloy samples before and after
laser processing were analyzed and are listed in Table 3. This

Table 3. Surface Roughness of Titanium Samples

samples R, (um) R, (um) R, (um)
Ti64 0.19 023 1.17
Ti64-25 3.09 4.99 5829
Ti64-35 3.39 4.66 31.29
Ti64-45 6.43 7.80 42.52
Ti64-55 6.37 7.38 39.96
Ti64-65 10.73 13.43 80.45

mainly includes the arithmetic mean deviation of the contour
(R,), the root-mean-square value of the deviation of the contour
mean line (Rq) , and the maximum height of the contour (R,).
Among them, R, and R_ are the most important evaluation
parameters. It can be seen from Table 3 that the R, and R, of the
titanium alloy samples showed the same sequence as follows:
Ti64 < Ti64-25 < Ti64-35 < Ti64-55 < Ti64-45 < Ti64-6S5.
According to previous reports, the changes in the surface
roughness of laser-textured samples were mainly attributed to
two important laser parameters: laser intensity and pulse overlap
times.””*> According to the laser parameters listed in Table 1, it
can be found that with the increasing groove width, the required
laser power and the number of pulse overlaps exhibited an

increasing trend. However, the fact that the surface roughness of
Ti64-45 was slightly larger than that of the Ti64-55 sample,
might result from the higher laser power (laser power of 3 W)
and more pulse overlaps (55 times) on Ti64-45 than that on
Ti64-55 (laser power of 2.7 W) and the number of pulse
overlaps (50 times).

3.3. XRD Characterization of Titanium Alloy Samples.
To analyze the effect of ultraviolet laser treatment on the
crystalline state of the titanium alloy surface, Figure 4 shows the
partial XRD spectrum of titanium alloy specimens before and
after texturing. The corresponding crystal plane diffraction peaks
are marked and two phases (& phase (hcp) and f§ phase (bcc))
are observed in this figure. It can be clearly seen from Figure 4
that after laser processing, the intensity of the 002 hcp peak on
the surface of the titanium alloy sample reduced, while the
intensity of the 101 hcp peak increased. Moreover, compared
with the Ti64 sample, a wider diffraction peak was observed on
the surface of the microgrooved titanium alloy, which is
consistent with previous reports.'® In addition, the volume
fraction ratio of the a phase and /3 phase was calculated by fitting
the peak areas of the @ and f phases (a phase is the yellow area
and f phase is the red area). The results are shown in Table 4.
The volume ratio (¢) of the  phase to the a phase (%) was
sorted as follows: Ti64-45 (5.51%) < Ti64-35 (11.16%) < Ti64-
65 (11.54%) <Ti64-55 (13.11%) < Ti64-25 (14.25%) < Ti64
(14.74%). It was found that laser treatment significantly reduced
the volume fraction ratio of the §# phase to the a phase on the
titanium alloy surface, further implying that the titanium alloy
surface was transformed from the # phase to the a phase after
laser ablation. Among them, the phase transformation on the
surface of the Ti64-45 sample was more obvious with a lower
volume ratio (¢: 5.51%).

The results might be further explained by the Burgers
orientation relationship.’**® The surface temperature of the
Ti6Al4V alloy would increase rapidly to above 882.5 °C during
the laser ablation process, resulting in the remelting of the heat-
affected zone on the surface of titanium alloys. After that, as the
surface temperature of the titanium alloy reduced rapidly, the
body-centered cubic structure (/3 phase) of the surface crystals
would partially transfer to the hexagonal lattice structure (a
phase). Moreover, the previous reports®”*" indicated that the
phase transformation on these samples was related to the laser
energy density during the laser processing. Compared with the
laser-treated titanium alloy samples, it can be found from Tables
1 and 4 that the laser-microgrooved samples treated with a larger
E value exhibited a lower f/a value, and Ti-45 showed the
highest E value. Zafari et al.’’ pointed out that a larger laser
energy density would lead to a large thermal gradient and a faster
cooling rate. It is known that due to the rapid solidification, the
microstructure of the laser-textured part is prone to form very
fine needles of &’ prime martensite rather than forming the §
phase during the remelting process.”® Therefore, Ti-45 has the
lowest #/a content. Besides, with the increase of laser energy
density, the lamella width of a single o phase decreased, while
the smaller columnar crystal width increased.’® Therefore, after
laser treatment, the grain microstructures were refined, and Ti-
4S with a higher E value might exhibit a more refined
microstructure.

3.4. Surface Wettability of Titanium Alloy Samples. As
shown in Figure S, the effect of laser treatment on the wettability
of the titanium alloy surface was evaluated by calculating the
contact angle of water droplets on the surface of the sample. The
wetting behavior of the sample surface might be affected, due to
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Figure 4. XRD spectrum magnifications of titanium alloy specimens before and after texturing, including Ti64, Ti64-25, Ti64-35, Ti64-4S, Ti64-SS,

and Ti64-65 plates.

Table 4. Phase Volume Fraction of Titanium Alloy Samples

samples phase @y (%) @ (%) @ (%)
Ti64 a+p 87.15 12.85 14.74
Ti64-25 a+f 88.41 12.47 14.25
Ti64-35 a+pf 89.65 10.04 11.16
Ti64-45 a+p 94.78 5.22 5.51
Ti64-55 a+p 87.53 11.59 13.11
Ti64-65 a+p 89.96 10.35 11.54

the anisotropy of the surface microgroove pattern.”” According
to the observation directions, the contact angles were
abbreviated as contact angle perpendicular to the groove
direction (VCA) and the contact angle parallel to the groove
direction (PCA). It can be seen from Figure Sa that the VCA
value of the titanium alloy surface decreased after laser
treatment. Moreover, as the groove width increased, the VCA
value exhibited a decreasing trend, suggesting the improving
surface wettability. This might be ascribed to the fact that the

groove structure with a certain depth has the function of storing
water droplets, making it easier to spread the water droplets on
the surface of the titanium alloy and exhibiting a lower contact
angle. Moreover, as the width of the microgrooves increased, the
volume of the stored water droplets increased and the contact
angle decreased. The contact angle parallel to the groove
direction is shown in Figure Sb. It can be intuitively found that
the PCA values of Ti64-25 and Ti64-35 were higher than those
of the untreated titanium alloy samples. The reason was ascribed
to the anisotropic wettability of the laser microgroove structure,
which is consistent with the previous report.”” The squeezing
effect on the water droplets of the groove structure would lead to
a larger PCA value. Therefore, the above results indicated that
the surface wettability of Ti6Al4V was enhanced through
texturing the groove structure with a width greater than 45 ym.
3.5. Microhardness of Titanium Alloy Samples. Figure 6
shows the microhardnesss of titanium alloy samples before and
after laser treatment. It can be seen that compared with the Ti64
sample, the microhardness of the grooved titanium alloy surface
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Figure S. Measurement of wetting properties on the titanium alloy specimens before and after texturing. (a) CA values in the vertical observation,
referred to as VCA and (b) CA values in the parallel observation, referred to as PCA.
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650 Table 5. Electrochemical Corrosion Parameters of Titanium
== Alloy Plates in SBF Solution
: S201 f corrosion corrosion current density inbibitior(l)
E _— —— § = samples potential (mV) (A/cm?) efficiency (%)
2 = Ti64 —-576 1.902 x 107
& Ti64-25 -1 1.710 X 107¢ 10.09
T 2691 — Ti64-35 —475 9.525 X 1077 49.92
= - \ = Ti64-45 —495 7.189 x 1077 62.20
1 = Ti64-55 -527 1440 x 107 2429
= Ti64-65 —612 1.169 x 107 38.54
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Ti64 Ti6d-25 Tie4-35 Ti6d-45

Tio4-65

Tib4-55

Samples

Figure 6. Measurement of microhardness
specimens before and after texturing.

on the titanium alloy

was significantly increased, in the following sequence: Ti64-45
(599 HV) > Ti64-35 (437 HV) > Ti64-25 (416 HV) > Ti64-55
(349 HV) > Ti64-65 (336 HV) > Ti64 (303 HV). It can be
calculated that the microhardness of Ti64-4S increased by
97.7%, exhibiting the highest microhardness. This might be
related to the organization’s homogenization on the surface after
laser texturing. As described in the XRD spectrum analysis
(Figure 4), it was found that the obvious transfer of the crystal
phase from the f phase to the a phase appeared on the Ti64-45
sample. This phase transformation would further refine the grain
of the titanium alloy and hinder the movement of dislocations,
thus increasing the surface microhardness.

3.6. Corrosion Resistance Performance. To evaluate the
effect of laser-grooved treatment on the corrosion resistance of
the titanium alloy surface, the electrochemical corrosion
performance of the samples in the SBF solution was tested.
The results are shown in Figure 7 and Table S. Figure 7 shows
the Nyquist impedance diagram and Tafel curve of the Ti6AI4V
samples before and after the surface microgrooves. According to
the previous report,” the larger the radius of curvature in the
Nyquist impedance diagram, the better the corrosion resistance
of the sample surface. It can be seen from Figure 7al that the
radius of curvature of the microgrooved titanium alloy sample
was significantly larger than that of the blank titanium alloy plate,
in the following order: Ti64-45 > Ti64-35 > Ti64-65 > Ti64-55
> Ti64-25 > Ti64. This implied that laser texturing treatment
improved the corrosion resistance of the titanium alloy surface.

Figure 7b is the Tafel curve of these samples. The fitting
corrosion current density (i), corrosion potential, and
inhibition efficiency (refer to formula 5**) were calculated and
shown in Table S. It was found that the corrosion current of the
samples has a negative correlation with the radius of curvature.
Among them, the corrosion current density of the Ti64-45
sample was the smallest (7.189 X 10~”) compared with the Ti64
sample (1.902 X 107°). Moreover, Ti64-45 exhibited a higher
inhibition efficiency (62.20%), further suggesting the excellent
corrosion resistance of Ti64-45 samples.

lCOlT

(untreated) — i, (grooved)

lCOl’I'

n% =

lCOI'I'

(untreated)

©)

where i, (untreated) and i, (grooved) are the corrosion
current density values without and with the coating, respectively.

3.7. Biotribological Properties. Figure 8 shows the
tribological properties of the titanium alloy before and after
the surface texturing in dry friction and SBF lubrication
conditions. Among them, the variation curves of friction
coefficients (COF) with the time of the six group samples
during the dry friction and SBF lubrication process are,
respectively, displayed in Figure 8ab. It can be seen from
these figures that after a running-in period during the friction
process, the COF curve trend stabilizes with the extension of
time under both lubrication environments. The corresponding
average friction coefficient (referred to as ACOF) is shown in
Figure 8c and Table 6. It can be found that under dry friction
conditions, the friction coeflicient of the microgrooved titanium
alloy surface was lower than that of the untreated titanium alloy
sample. Moreover, the groove width has a significant effect on
the reduction of COF. Among these microgrooved samples, the
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Figure 7. Anticorrosion property measurements on the titanium alloy specimens before and after texturing. (a) Nyquist plots, including the
magnification (al) of the six different plates and (b) Tafel plots of the six different plates.
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Table 6. Frictional Performance Parameters of Samples
under Dry Friction Conditions

average coeflicient wear rate, ratio of the reducing

samples of friction 10~° mm?®/(N-m) wear rate (%)
Ti64 0.435 0.235

Ti64-25 0.469 0.078 66.80
Ti64-35 0.289 0.053 77.4S
Ti64-45 0.215 0.024 89.79
Ti64-55 0.359 0.034 85.53
Ti64-65 0.290 0.047 80.00

Table 7. Frictional Performance Parameters of Samples
under SBF Lubrication Conditions

average coeflicient wear rate, ratio of the reducing

samples of friction 10~° mm?®/(N-m) wear rate (%)
Ti64 0.526 0.446

Ti64-25 0.901 0.252 43.50
Ti64-35 0.897 0.083 81.39
Ti64-45 0.872 0.065 85.43
Ti64-5S 0.969 0.081 81.84
Ti64-65 1.011 0.101 77.35

Ti64-45 sample showed the lowest ACOF value (0.215),
implying excellent antifriction properties in dry conditions.
While under SBF lubrication, the friction coefficient of the
titanium alloy has not been effectively reduced after laser-
grooved treatment. The above results indicated that the
microgroove structure, especially with the groove width of 45
pum, can effectively reduce the friction coeflicient on the
Ti6Al4V substrate in dry sliding friction.

The surface wear rates on these titanium alloys during the
friction process were calculated and displayed in Figure 8d and
Table 7. It can be found that the wear rates of the six groups of
titanium alloy samples in SBF lubricants were higher than those
in the dry friction process. Moreover, a similar change trend in
the wear rate on the titanium alloy sample was observed (see
Figure 8a). The wear rates presented a trend of first increasing
and then decreasing with the increase of groove width.
Compared with other samples, the Ti64-45 sample showed
the lowest wear rate (0.042 X 107> mm®/(N'm) in dry sliding

31088

and 0.065 X 107 mm®/(N'm) in SBF sliding), with the
reduction of 89.79% under dry friction and 85.43% in SBF
lubrication compared to the Ti64 sample. Therefore, it can be
concluded that a microgroove structure with a suitable groove
width (45 ym) can effectively reduce the COF in dry sliding and
improve the wear resistance of the titanium alloy substrate.

3.8. Surface Analysis of Wear Scars. The surface
morphology of the wear scars was characterized by SEM and
white light interferometry, and the chemical composition of the
surface was analyzed by EDX. The characterization results are
shown in Figures 9—11.

The three-dimensional morphologies of the surface wear scar
on the titanium alloy sample under dry friction and SBF
lubrication friction are exhibited in Figure 9. It can be seen from
Figure 9a—f that serious wear with a maximum wear scar depth
of ~5.5 ym appeared on the surface of the titanium alloy plate,
after the sliding friction in a dry environment. After laser
processing, with the increase of groove width, the wear depth
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Figure 9. 3D topography of worn scars on the Ti—6Al—4V plates before and after texturing under dry friction conditions (a—f) and under SBF
lubrication conditions (al—f1). (a, al) Ti64; (b, bl) Ti64-25; (c, c1) Ti64-35; (d, d1) Ti64-45; (e, el) Ti64-55; and (£, f1) Ti64-65.

decreased preferentially and then increased. Ti64-45 had a
smaller wear scar with a slighter wear depth of ~1.5 ym. Under
SBF lubrication conditions, the wear depth of the titanium alloy
samples has a similar trend to that in dry friction, as shown in
Figure 9al—f1. It can be clearly seen from the figure that the
wear trace of the blank titanium alloy plate (~6 um) is deeper
than that of other samples. The grooved samples have relatively
shallow wear marks, specially Ti64-45 with a wear depth of ~2.5
p#m. In addition, it can be observed that the depth of wear scars
of each sample under SBF friction conditions was greater than
that under dry sliding friction conditions. These characterization
results were consistent with the change trend of the wear rates
(Figure 8d).

Figure 10 shows the microscopic morphology and the
corresponding chemical composition analysis results on the six
groups of titanium alloy samples in dry friction. It can be seen
from the SEM images (Figure 10a—f) that the blank titanium
alloy plate has the widest wear scar width (~398 pm) with
serious material loss and obvious scratches, debris, and plows on
the surface. This indicated that the abrasive wear occurred on
the titanium alloy samples during the dry friction process. After
the surface of the titanium alloy was grooved by laser treatment,
the wear scar width was narrowed with reduced wear damage.
Furthermore, as the groove width increased, the wear scar width
showed a trend of first decreasing and then increasing. This
corresponded to the change trend of the sample wear rate under
dry friction (Figure 8d). In addition, the corresponding
component analysis results of the surface of the titanium alloy
samples are shown in Figure 10a2—f2. Si and N were detected on

the wear surfaces of the six sets of titanium alloy samples,
indicating the existence of Si;N, transfer during the dry friction
process and further implying the adhesive wear mechanism.
Moreover, the contents of Si and N on the wear surface of the
grooved titanium alloy were less than those on the Ti64 sample,
demonstrating that the surface groove treatment might
effectively reduce the adhesive wear. Among them, the Si
content of the worn surface of the Ti64-45 sample exhibited the
lowest value (0.82 wt %), suggesting a slight adhesive wear
behavior.

Figure 11 exhibits the SEM images and the corresponding
element content analysis of the titanium alloy samples in SBF
lubrication. According to the morphological characterizations
(Figure 11a—f,al—f1), it can be observed that the width of the
wear scar on the surface of the Ti64 sample was the largest
(~436 pm), with severe scratches and deep plows and more
wear debris. This indicated that the abrasive wear on the surface
of the blank titanium alloy sample was serious, while the wear
widths of other grooved titanium alloys were relatively narrow,
implying that the surface microgroove structure has a positive
effect on improving the wear resistance of titanium alloys. This is
similar to that in dry friction. Additionally, the element
compositions on the worn surface of the titanium alloy samples
were detected and analyzed, as seen in Figure 11a2—f2. Siand N
elements were found on the surface of the six groups of titanium
alloy samples, illustrating the adhesion wear mechanism in the
SBF friction process. The surface Si content on the samples were
sorted as follows: Ti64 (1.78 wt %) > Ti64-25 (1.35 wt %) >
Ti64-35 (1.22 wt %) > Ti64-45 (0.84 wt %), and the Si content
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of Ti64-5S and Ti64-65 was approximative. The results showed significantly improved through the microgroove structure under
that the adhesion wear resistance of the Ti64 surface was SBF lubrication, especially the width of 45 um. Besides, the
31091 https://doi.org/10.1021/acsomega.2c03166
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Figure 11. SEM micrographs (a—f and al—f1) and EDX composition analysis (a2—f2) of worn scars on the Ti—6Al—4V plates before and after
texturing under SBF lubrication conditions. (a—a2) Ti64; (b—b2) Ti64-25; (c—c2) Ti64-3S; (d—d2) Ti64-4S; (e—e2) Ti64-65; and (f—f2) Ti64-65.

occurrence of Ca and P elements on the worn surface of the
grooved titanium alloy may be due to the formation of calcium
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phosphate, induced by the grooved structure in SBF solution. In
addition, compared with the wear surface of these samples under
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dry friction, wider wear traces were observed in the wet friction
process. This also further confirmed the trend of wear rates
under both lubrications (Figure 8d). The above analysis results
indicated that the abrasive wear and adhesion wear appeared
during both lubrication conditions, and the microgroove
structure especially with the 45 ym width might have a positive
effect on enhancing the wear behavior.

3.9. Biological Activity Evaluation. To study the effect of
laser treatment on the biological activity of the titanium alloy
surface, the BMSC proliferation and adhesive behavior were
analyzed by applying the CCK-8 detection method and a
fluorescence microscope. The cell viability results are shown in
Figure 12. It can be found that the absorbance of the cells on the
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Figure 12. Cell viability of BMSCs by the CCK-8 assay after 1, 3, and 7
days of culture on six different specimens.

six group titanium alloy specimens has increased with increasing
culture time, indicating that these titanium alloy materials
showed ideal biocompatibility before and after laser treatment.
The calculated cell proliferation rates of these six group samples
are listed in Table 8, based on the absorbance. It is significant

Table 8. Increasing Cell Proliferation Rates of Samples

increasing cell proliferation rate (%)

samples after 1 day after 3 days after 7 days
Ti64 27.8 38.6 68.9
Ti64-25 22.1 51.6 79.6
Ti64-35 22.3 52.0 80.0
Ti64-45 31.7 62.0 84.3
Ti64-55 29.8 59.9 82.5
Ti64-65 28.9 58.4 60.0

that after 1 day of incubation, the surface cell activity of titanium
alloy samples with a groove width greater than 45 yim was better
than that of Ti64 samples. After culturing for 3 and 7 days,
compared with the Ti64 group, the surface of the titanium alloy
sample with the groove structure showed a higher cell survival
rate, suggesting that the microgroove could improve the BMSC
proliferation of the titanium alloy surface. Moreover, the Ti64-
4S sample showed the highest cell viability with a cell
proliferation rate of 84.3%, indicating that the groove structure
with a 45 pym width was more conducive to the BMSC
proliferation on the surface.

The adhesion performance of BMSCs on the surface of
different titanium alloy samples was observed and shown in
Figure 13. Among them, the nucleus and cytoskeleton of BMSCs
were, respectively, marked in blue and red colors. It can be

Cytoskeleton

Merged Nuclei

(a)

(b)

()

(d)

Figure 13. Fluorescence images of BMSCs cultured on six different
specimens for 1 day, including blue nucleus images, red cytoskeleton
images, and merged fluorescence images. (a) Ti64; (b) Ti64-25; (c)
Ti64-35; (d) Ti64-45; (e) Ti64-S5; and (f) Ti64-65.

clearly seen that the fluorescent area of the grooved titanium
alloy surface was more than that of the Ti64 group, indicating
that the BMSCs were prone to adhere to the grooved surface.
Moreover, the cells on the surface of Ti64-45 samples were
denser than those on the surface of other samples, with a large
number of filopodia, further indicating that the groove width of
4S5 um was beneficial to the BMSC adhesion. The above
bioactivity results demonstrated that the laser treatment with the
microgroove structure improved the BMSC adhesion behavior
and cell proliferation on the titanium alloy surface, and the
optimal groove width was ~45 um.

4. DISCUSSION

4.1. Electrochemical Corrosion Resistance Mecha-
nism. According to our previous reports,*’ the blank Ti6AI4V
alloy might readily corrode in SBF solution, due to the following
chemical reactions (Schemes 6—8). During the immersion
process of the titanium alloy in the SBF aqueous solution, the
hydroxylated titanium compound was first formed and then
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reacted with CI™ and SO,*” in the SBF solution, further resulting
in the corrosion of the titanium alloy surface.

Ti — OH," & Ti — OH + H* (6)
Ti — OH + CI” - Ti — Cl + OH~ ()
2Ti — OH + SO,>” - Ti, — SO, + 20H"~ (8)

In this study, the corrosion resistance results (Figure 7 and Table
5) showed that the laser microgroove treatment effectively
improved the corrosion resistance of the titanium alloy samples
in the SBF solution. This result is similar to previous studies.*'
According to this report, laser processing can affect the
corrosion rate of the titanium alloy matrix, mainly for the
reason that the laser texturing treatment changes the crystal
component on the titanium alloy surface.”” By XRD analysis
(Figure 4) and calculated results (Table 4) of the crystal ratio
(¢%) of the titanium alloy surface before and after laser
treatment, it was found that the @% value of the grooved
titanium alloy surface was reduced compared to the Ti64
sample, indicating that the § phase of the titanium alloy surface
has transformed to the a phase during laser ablation. This
further implied that the formed remelting layer due to the laser
thermal effect might have a refined and uniform tissue structure.
As described in the research, the grain refinement on the
material surface has a positive effect on reducing the surface
defects, thus enhancing its corrosion resistance.*’ In addition, as
these reports described,””*”** the galvanic corrosion behavior is
the main corrosion form on the surface of the Ti6Al4V alloy, and
the density of grain boundaries and grain refinement are the
important factors affecting the galvanic corrosion behavior." In
this work, according to the microstructure analysis (XRD
analysis), it can be obtained that the density of grain boundaries
was increased and the microstructures of laser-microgrooved
Ti6Al4V samples were refined due to the phase transformation
after laser treatment.”” In the simulated body fluid, the grain
refinement improved the passive film formation, which
prevented ions from entering the interior of Ti6Al4V, thereby
reducing the galvanic corrosion.”® Therefore, a laser-grooved
structure exhibited the improvement of anticorrosion properties
on the titanium alloy surface. Compared with the grooved
samples of different widths, the Ti64-4S sample has the lowest
crystal ratio on the surface, suggesting a more uniform tissue
microstructure, thus exhibiting excellent corrosion resistance.

4.2. Wear Resistance Mechanisms. The tribological
properties of laser-microgrooved titanium alloys were studied.
The experimental results showed that the introduction of the
microgroove structure can significantly reduce the friction
coeflicient between the titanium alloy and Si;N, in dry friction.
Moreover, the wear resistance of the titanium alloy surface under
dry and SBF lubrications was significantly improved by the laser-
grooved structure.

According to Coulomb’s law, the friction coefficient () can
be calculated by formula 9.7 In the friction process, the friction
coefficient changes with the friction force (Fy), after fixing the
normal load (F,). Johnson et al. mentioned that friction force
was mainly related to the adhesion force (Fy,q,) and surface
furrowing effect (Ff,PI) , as shown in formula 10.*° In these
formulas, F;, g, can be determined by formula 11 (7 is the shear
strength and A, is the actual contact area).

E
h=—
K ©)

E = F g, + (10)

Fan =7 A, (11)

In the dry friction process, the friction coeflicients of the
titanium alloy sample with groove structures were lower than
those of the blank sample. Based on the surface analysis results
(Figure 10), the groove structure might store the wear debris
generated during the friction process, resulting in the reduction
of wear debris on the surface of the grooved titanium alloy
compared to the blank samples. Furthermore, the higher
microhardness on the grooved surface would also reduce the
shedding of debris, owing to the reduction of residual stress at
the interface of the titanium alloy and Si;N, ball during the
friction process.**” This might lead to a decrease in
deformation friction force. Additionally, after the titanium
alloy was treated with laser-microgrooved texturing, the actual
contact area at the friction interface became smaller than that on
the Ti64 surface, and the shear strength was decreased due to the
increase of microhardness. This implied the reduction of
adhesive friction force. Hence, the microgrooved titanium alloys
showed a lower COF value than the blank Ti64 plate. In
addition, compared with the microgrooved samples, the Ti64-45
sample has the largest microhardness (599 HV), indicating a
remarkably reduced deformation force. Furthermore, almost no
debris was found on the surface of Ti64-45 samples, suggesting
the adequacy of entrapment of wear debris with the groove of 45
pum, further reducing the adhesion force. Therefore, Ti64-45
exhibited a smaller friction coefficient (0.215) than other
samples in dry sliding. Under SBF lubrication conditions, the
microgroove structures can not only be used to store wear debris
but also as a lubricant storage tank. However, the existence of the
groove structure during the contact process may affect the
supply of the lubricant at the contact interface, resulting in the
inability to form a sufficiently thick liquid film on the surface.
Therefore, under the conditions of SBF lubrication, the friction
coefficients on the grooved titanium alloys were higher than that
of the blank plate.

In this work, the wear rates and the corresponding ratio of the
reducing wear rate after the surface groove texture of the
titanium alloy were calculated. It can be found that the laser-
grooved treatment can significantly reduce the wear rate on the
titanium alloy surface with a reduction of 89.79% under dry
friction and 85.43% in SBF lubrication. First, the increase of
surface microhardness on the titanium alloys after laser
treatment may be an important reason for the improvement of
the wear resistance of titanium alloys. This is similar to the
report by Kumari et al.'” The increase of surface hardness would
reduce the generation of wear debris on the friction interface,
thereby reducing abrasive wear in the friction process.
Moreover, according to the analysis results of the chemical
composition on the worn surface, the reduction of the Si element
on the surface of the grooved titanium alloy also implies that the
groove structure can reduce the adhesive wear during the
friction process.'® Therefore, the microgroove structure
improved the antiwear properties of the titanium alloy surface
significantly. The highest microhardness (599 HV) and the
smaller Si (0.98) contents appeared on the Ti64-45 samples, and
thus it exhibited superior wear resistance.

4.3. Bioactivity Mechanism Analysis. The excellent
bioactivity on the microgrooved titanium alloys was evaluated,
by analyzing the BMSC adhesion behavior and proliferation.
The results can be explained from the following aspects. First,
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compared with the Ti64 group, the surface roughness of the
titanium alloy sample with the microgroove structure is
significantly increased (Table 3), resulting in the increase of
the contact area of BMSCs on the surface, thereby improving the
adhesion of the cells.*”*° Secondly, the surface microgroove
structure may affect the contact guidance of cells in the diffusion
process.””>” As the cells are in contact with the surface, the actin
from BMSCs tends to reach an equilibrium state for promoting
its self-differentiation on the surface. Due to the influence of the
groove structure, the actin filamentous pseudopodia of BMSCs
would extend along the direction of the groove, thereby
increasing the contact and communication of the cells.”” This
may be an important factor in improving surface cell
proliferation. Furthermore, the induced bonelike apatite was
found on the microgrooved surface (seen in Figure 13),
enhancing the surface bioactivity of the titanium alloy.

In addition, the influence of the groove width on cell behavior
might be ascribed to the following two aspects: the BMSCs’
extensions and the improved wettability on the groove surface.”*
First, according to our previous reports,” the size of BMSCs is
~50 pm. When the groove width is less than 50 m, the BMSCs’
extensions might appear along the direction of the grooves on
the surface, thus promoting cell growth by increasing the
possibility of intercellular signaling. Besides, the wettability of
the titanium alloy surface is also considered to be the key
performance for affecting BMSC behavior. Research in the past
reported that the hydrophilic surfaces were prone to induce cell
adhesion, proliferation, differentiation, and mineralization.” As
shown in Figure S, it is observed that the groove width and
surface wettability are positively correlated, implying the
improvement of cell behavior on the titanium alloy surface
with a greater groove width. Therefore, considering the effect of
surface wettability and the microgrooved structure on BMSCs’
behavior, Ti64-45 exhibited excellent biological activity due to
the improved wettability and the function of promoting BMSC
extensions.

5. CONCLUSIONS

In this study, microgroove structures with different widths were
prepared on the surface of the titanium alloy by laser processing.
The surface morphology, roughness, and the surface properties
such as microhardness and wettability were characterized.
Furthermore, the electrochemical corrosion performance,
tribological properties, and biological activity were systemati-
cally investigated. The following conclusions are drawn:

(1) The anticorrosion analysis results showed that the laser-
grooved structure improved the corrosion resistance on
the titanium alloy surface in SBF solution. Moreover,
Ti64-45 showed outstanding anticorrosion properties,
resulting from the reduction of the tissue defect. The
lowest crystal ratio of the f phase to the @ phase on the
surface might imply its uniform and dense tissue
microstructure and thus exhibit better excellent corrosion
resistance.

(2) The tribological performance results showed that the
introduction of the microgroove structure can signifi-
cantly reduce the friction coeflicient of the titanium alloy
in dry friction. Besides, the wear resistance under both
lubrications on the titanium alloy surface was significantly
improved. Among them, the wear rates of titanium alloys
were reduced by 87% under dry friction and 85% in SBF

lubrication, after texturing the microgroove structure with

31095

a 45 pm width. This might be mainly related to the
increase of the microhardness due to the laser-grooved
treatment and the function of storing abrasive particles of
the grooved structure.

(3) The in vitro bioactivity results showed that the surface of
the titanium alloy samples with microgroove structures
exhibited higher BMSC proliferation and adhesion.
Moreover, the Ti64-45 sample showed the highest cell
viability with a cell proliferation rate of 84.3% and cell
adhesion number, which might be ascribed to the
improved wettability and the function of promoting

BMSC extensions.

The above results imply that the microgroove structure with
45 pm has effectively improved the anticorrosion, antiwear
performances, and bioactivity in vitro of the titanium alloy
surface. This textured microgroove structure has potential
application prospects in the field of titanium alloy orthopedic
implants.
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um; Ti64-3S, microgrooved Ti6Al4V with a width of 35 um;
Ti64-45, microgrooved Ti6AI4V with a width of 45 pm; Ti64-
55, microgrooved Ti6Al4V with a width of 55 um; Ti64-65,
microgrooved Ti6Al4V with a width of 65 ym; CCK-8, cell
counting kit-8; ATR-FTIR, attenuated total reflection from
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spectroscopy; CA, contact angle; VCA, vertical observation of
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