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Abstract: Titanium (Ti) materials are highly valued in the medical field for their outstanding bio-
compatibility and corrosion resistance. However, challenges such as suboptimal wettability and
wear resistance can impact the tribological properties of titanium implants, potentially leading to
implant failure. This study explores the application of ultrafast pulsed laser processing to create
two distinct structures, circular pits and grooves, on the surface of titanium materials. The samples
underwent low-surface-energy treatment, after which the wettability and wear resistance of the
textured surfaces were evaluated. The findings indicate that the textured surfaces exhibit improved
hydrophobic properties and reduced surface wear. Specifically, the textured surfaces demonstrated a
remarkable 73.68% reduction in wear compared to the untextured surfaces. These results underscore
the potential of etching textured structures onto titanium surfaces to enhance their wear resistance,
thereby offering promising implications for the improvement of titanium implant performance.

Keywords: Ti; wettability; abrasion resistance; laser; surface modification

1. Introduction

In the medical field, titanium (Ti) materials are widely utilized in the production
of medical devices, prosthetic implants, and dental restorative materials due to their
exceptional biocompatibility and corrosion resistance. These materials are non-toxic, posing
no harm to human tissues, and are less likely to cause rejection. In addition, they exhibit a
robust performance in bodily and tissue fluids, making them an optimal choice for medical
implants [1]. In 1975, Branemark made a pivotal discovery that bone tissue could establish
a direct bioconnection with Ti surfaces, introducing the concept of osseointegration. Since
then, titanium and titanium alloys have been used in the manufacture of dental implants to
address the issue of tooth loss [2]. Titanium zirconium alloys formed by alloying titanium
with chromium serve as alternative materials for titanium-based implants, improving
the mechanical properties of titanium-based implants [3]. Research has found that the
performance of the surface oxides of materials is more stable when the chromium content is
50% [4]. However, compared to titanium–chromium alloys, the wear particles formed after
the wear of pure titanium implants are smaller and have less impact on the peri-implant
tissues [5]. Nickel–titanium alloys are often used as stents for vascular surgery due to their
shape memory effect, but its ability to promote cell adhesion and osteogenesis is not as
good as that of pure titanium implants [6].

Despite its advantages, Ti is characterized by poor frictional properties, including
a high coefficient of friction, low surface hardness, and severe adhesive wear, which
can diminish its tribological properties and increase the risk of implant failure [7]. To
address these challenges, surface modification techniques have been employed to enhance
the tribological properties and biocompatibility of Ti implants [8,9]. These techniques
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encompass surface texturing and coating methods [10–13]. However, there is a paucity of
in vivo studies on coatings. Xing et al. [14] used siRNA-modified particles to create coatings
with hierarchical nanostructures on the surface of grade 2 commercial pure titanium
implants, and conducted in vitro and in vivo studies. Their findings indicated a reduction
in the number of bone trabeculae around the coated implants and negligible increases in
trabecular volume and thickness compared to the in vitro study. This resulted in a lower
level of new bone formation, as observed in studies involving osteoporotic mice and aged
Beagles. Limited literature exists on this phenomenon. However, it is hypothesized that the
phenomenon may be attributed to the small drilling protocol (diameter of the drilled pit)
used during implantation, which induces friction in the bone–implant contact area [15,16]
and transverse shear stresses [17], leading to the surface wear of the implant.

The shortcomings of titanium (Ti) implants, such as material failure due to wear
during implantation, can be addressed through coating methods. However, conventional
coating and surface grafting techniques often introduce impurity ions and are not ideal for
modifying biomaterial surfaces. In contrast, surface texturing techniques offer a means
to enhance wear and corrosion resistance by controlling the material’s surface morphol-
ogy. The laser surface texturing technique is frequently employed to create a regular
and uniform micrometer-scale morphology on Ti surfaces, which enhances the material’s
wear resistance [18,19] and represents a promising surface modification approach. Unlike
traditional methods, ultrafast lasers act on materials for very brief periods with minimal
thermal conduction effects, thereby avoiding thermal damage to the surrounding ma-
terial. Moreover, owing to their high instantaneous energy, ultrafast lasers can achieve
high-precision cutting, engraving, and micro–nano-processing of various materials with
complex shapes. Consequently, these lasers have been increasingly applied in the surface
modification of biomedical metal implant materials in recent years. Pan et al. [20] demon-
strated that microstructuring the surface of Ti6Al4VTi alloys using an ultrafast laser could
reduce the coefficient of friction (COF) and wear mass loss by 68.9% and 90%, respectively.
Similarly, Kirner et al. [21] reported that the ultrafast laser processing of commercial grade-
1 Ti samples enhanced frictional properties, leading to reduced wear. Laser-fabricated
microstructures hold promise for mitigating wear and tear during implantation.

In specific applications of medical implants, circular pits and grooves are common
surface treatments. They both create microstructures on the surface of the implants to
enhance their biocompatibility and functionality. However, circular pits and grooves have
some differences in shape and function.

Circular pits are achieved by forming circular deep holes on the implant surface. Pits
can provide a larger surface area, facilitating cell and tissue attachment and growth. This
structure can increase the contact area between the implant and the surrounding tissues,
promoting the growth of bone cells and bone integration. Therefore, circular pits are
often used in bone substitute materials and bone implants, such as artificial joints and
dental implants.

Grooves are linear indentations often formed by cutting or carving the implant surface.
Grooves are commonly used to improve the stability and fixation of the implant with the
surrounding tissues. They can provide better surface texturing and increase the friction
between the implant and bone or soft tissue, thus enhancing the stability of the implant.
Groove structures also help to create a biomechanical pattern for new bone formation,
promoting bone integration and stability. Therefore, grooves are commonly used in implant
fixation devices such as bone screws, pins, and scaffolds.

In summary, in medical implants, circular pits and grooves have different applications.
Circular pits are suitable for increasing the contact area, promoting bone cell growth
and integration, while grooves are suitable for enhancing the stability and fixation of the
implant, promoting bone integration and stability. By choosing the appropriate surface
treatment method based on specific medical application requirements, the performance
and reliability of the implants can be improved.
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The surface wettability and structure have an important effect on wear resistance,
so the study of the wettability of the textured Ti surface is necessary [22–25]. A study
utilized a 1064 nm pulsed picosecond laser to create micro–nano hierarchical structures
on the surface of a titanium alloy and found that the microstructure has the effect of
regulating surface wettability [26]. The Cassie model, also known as the Cassie–Baxter
model, is a theoretical framework used in the study of wetting behavior at solid–liquid
interfaces [27]. It describes the equilibrium contact angle of a liquid droplet on a rough or
textured solid surface. The equilibrium contact angle in the Cassie model is determined by
the ratio of the solid–liquid interfacial energy to the total interfacial energy, including the
solid–air and liquid–air interfaces. This model is particularly relevant in understanding
superhydrophobic surfaces, where water droplets bead up and roll off due to the composite
interface created by surface roughness and air pockets. Berni et al. used pulsed electron
deposition technology to prepare yttria-stabilized zirconia coatings on a metal substrate
and found a strong correlation between the friction coefficient and wettability during the
initial stages of tribological testing [28]. Wenzel (1936) first proposed the relationship
between surface roughness and wetting. Increasing surface roughness can enhance wetting
due to chemical properties. For instance, a chemically hydrophobic surface will become
even more hydrophobic with increased surface roughness [29].

In this study, the wear resistance of textured and chemically modified titanium (Ti)
surfaces was investigated using an ultrafast pulsed laser to create circular pit and groove
structures on the Ti surface. The wettability of the ultrafast-laser-textured Ti surface was
examined, and the friction properties and mechanisms of various textures under dry friction
conditions were analyzed.

2. Experiments and Methods
2.1. Surface Ti Modification—Ultrafast Laser Processing and Chemical Modification

In this study, an ultrafast laser micromachining system (FemtoYL-40, YSL Photonics,
Wuhan, China) was employed. The system operated at a pulse width (W) of 2 ps, a
wavelength (λ) of 1030 nm, and a repetition frequency of 1 kHz. The Ti samples measuring
20 mm × 20 mm × 5 mm were subjected to direct etching using the multi-pulse replica
molding method, with adjustments made to the laser optical system. Subsequently, the
samples were ultrasonically cleaned with ethanol for 30 min. During the experiments, the
ultrafast laser pulses had an energy of 100 µJ, a spot diameter of 50 µm, and an energy
density of 0.5 J/cm2. The samples were positioned on a three-dimensional moving platform,
and the laser was focused onto them using a 180 mm convex lens. This lens was utilized to
vertically focus the laser onto the sample for laser processing. Micro- and nanostructures
were created in selected areas, consisting of circular pit and groove-type patterns. The
circular pits had a diameter of 45 µm and a depth of 50 µm, with surface densities of 10%,
20%, and 90%, denoted as K1, K2, and K3, respectively. The grooves had a width of 50 µm,
a depth of 50 µm, and surface densities of 50%, 70%, and 90%, denoted as C1, C2, and C3,
respectively, as shown in Table 1, and the laser-etched titanium plate samples are shown
in Figure 1.

Table 1. The parameter of textured Ti.

Denoted Name Shape Diameter Depth Density

K1 45 50 10%
K2 Circle 45 50 20%
K3 45 50 90%
C1 50 50 50%
C2 Groove 50 50 70%
C3 50 50 90%
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Figure 1. Laser-etched titanium plate samples.

The samples underwent surface modification by immersion in a 20 mM perfluorodecyl-
trichlorosilane ethanol solution for 12 h at room temperature to improve the hydrophobicity
of titanium surfaces. The samples were dried at room temperature (25 ◦C) for later use.
The samples K1, K2, and K3, treated with low surface energy, are denoted as Kt1, Kt2, and
Kt3, respectively. Similarly, the samples C1, C2, and C3, after treatment with low surface
energy, are denoted as Ct1, Ct2, and Ct3, respectively, as shown in Table 2.

Table 2. The parameters of textured Ti after chemical modification.

Denoted Name Shape Diameter Depth Density

Kt1 45 50 10%
Kt2 Circle 45 50 20%
Kt3 45 50 90%
Ct1 50 50 50%
Ct2 Groove 50 50 70%
Ct3 50 50 90%

2.2. Characterization and Analysis (Math.)

The surface morphology of the etching zone was observed using a JSM-6700F Scanning
Electron Microscope (Japan Electronics Co., Ltd., Akishima, Japan). The static contact
angle of the droplets on the surface of the modified samples was characterized using an
OCA20 video optical contact angle meter (DATAPHYSICS, Stuttgart, Germany). Using the
parameter of static contact angle, a liquid is placed on the surface of the textured Ti, and
spherical droplets are usually formed when the liquid incompletely wets the textured Ti
surface. For the wettability test, the droplet volume size was taken as 5 µL; the parameters
of circular pit weave and groove weave on the ultrafast-laser-texturized surface were
examined using a UP-2000 three-dimensional morphometer (Rtec Instrument, San Jose,
CA, USA). The roughness of the samples was measured using an atomic force microscope
(BRUKER Dimension Icon, Saarbruken, Germany).

3. Results and Discussion
3.1. Microstructure Characterization

The textured Ti surface was investigated by SEM to analyze the microscopic morphol-
ogy. Figure 2 displays the microscopic morphology of the circular pits created using the
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ultrafast laser technology, with panels (a), (b), and (c) showcasing the surface morphologies
of the circular pits with surface densities of K1, K2, and K3, respectively. Panel (a) reveals
protruding structures within the circles, characterized by prominent cracks. Panels (b) and
(c) exhibit the circular pit structures with pronounced cracks along the edges, supplemented
by numerous smaller cracks.
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In Figure 3, the structure of ultrafast-laser-textured surface grooves is depicted. Panels
(a) and (b) display the ultrafast-laser-textured grooves structures with areal densities of 50%
and 70%, respectively. Both images reveal a recast layer on the inner wall of the grooves,
along with a multitude of cracks and laser-induced structures at the groove’s edge. Panel
(b) additionally exhibits evidence of melting at the groove’s base. Panel (c) portrays a
groove structure with a surface density of 90%, where a laser-induced strip structure of
1–5 µm is prominent at the groove’s center.
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When ultrafast lasers are employed to create circular pits on titanium surfaces, the
laser’s energy is concentrated on a small area, causing the localized vaporization and
evaporation of the titanium material. This rapid cooling process releases thermal stress and
pressure, leading to the formation of circular pits. The material at the periphery is exposed
to high-energy beams, resulting in melting; however, rapid cooling and solidification
generate a re-melted layer and additional micro burrs [30,31]. The coalescence of these
remelted layers contributes to the formation of protrusions and cracks at the circular
pit’s edge.

Previous research [32–34] has suggested that the interaction between the incident
laser beams and titanium surfaces produces plasmon interference, a key factor in forming
laser-induced periodic surface structures (LIPSSs). The insufficient vaporization of the
titanium material by the incident laser can lead to plasma plume generation on the surface
and the interference of plasma plasmons, resulting in induced line-like structures at the
edges of the groove structures. The formation of cracks at these edges is attributed to the
high intensity of femtosecond laser pulses, causing rapid material heating followed by
thermal shock, which induces material expansion and contraction, ultimately leading to
crack formation.

Figure 4 presents the XPS high-resolution spectra of the C, O, and Ti elements on
the surfaces of the circular pit textures and groove textures. Figure 4a,d depict the XPS
high-resolution spectra of the C element on these surfaces, revealing peaks corresponding
to C-C, C-O-C, and O-C=O after fitting. The C-C peak at 284.80 eV was identified as the
classical standard peak for Cls [30,31]. Figure 4b,e show the XPS high-resolution spectra of
the O element on the surfaces of the circular pit textures and groove textures. The fitted
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peaks correspond to (-O-Ti) and (-O-H/C=O-), where one corresponds to lattice oxygen in
TiO2 and Ti2O3 formed after high-temperature laser ablation, while the other corresponds
to the pollution and adsorption of atmospheric water and foreign carbon on the textured
surface [33–35]. Figure 4c,f depict the XPS high-resolution spectra of the Ti element on the
surfaces of the circular pit textures and groove textures. The presence of TiO2 and Ti2O3
oxides on the Ti alloy surface, formed due to high-temperature laser ablation, is evident,
corresponding to the Ti4+ and Ti3+ states, respectively. These oxides play a crucial role in
reducing the material’s coefficient of friction and providing significant lubrication during
frictional wear [36,37].
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3.2. Wettability Study

To enhance the contact angle, the samples underwent treatment with low-surface-
energy modification. Figure 5 illustrates the contact angles before and after the laser
modification of the Ti samples. Initially, the contact angle of the Ti surface was 66.5◦, indi-
cating the surface presented hydrophilic properties with the droplets. After modification,
the contact angle of the Ti increased to 94.4◦, reducing the surface energy, enlarging the
contact angle, and improving the hydrophobic properties.
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Figure 6 displays the contact angles of the circular pit and groove structures. The con-
tact angles for K1, K2, and K3 were 119.4◦, 120.5◦, and 131.6◦, respectively, demonstrating
some level of hydrophobicity, though not achieving superhydrophobicity. Similarly, C1,
C2, and C3 exhibited contact angles of 110.3◦, 119.6◦, and 122.7◦, respectively, indicating
some hydrophobicity without reaching superhydrophobicity. The contact angle gradually
increased with the area proportion of the circular pits and grooves, in accordance with the
Cassie wetting model. As the area proportion of these recessed structures increased, the
proportion of air within a unit area also increased, leading to a rise in the contact angle.
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Figure 7 shows the surface contact angles of the circular pits and groove structures
modified using an ethanol solution of perfluorodecyl trichlorosilane. Overall, the surface
contact angle increased after low-surface-energy modification, with Kt3 and Ct3 achieving
contact angles greater than 150◦, indicating superhydrophobicity. This phenomenon arises
from the larger percentage of surface structures and higher surface roughness, generating
more air phase structures that reduce the contact area between the droplet and the structure,
thereby increasing the contact angle. The low-surface-energy modification produces a
fluorosilane film on the structure’s surface, with hydrophobic functional groups that repel
droplets, reduce the surface energy, increase the contact angle, and reduce the wettability
performance. Table 3 provides a specific comparison of the contact angle data for the
different structures on the Ti surface before and after modification.
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Table 3. Comparison of contact angle data for different structures on Ti surface.

Ti Substrate K1 K2 K3 C1 C2 C3

Contact angle 66.5◦ 119.4◦ 120.5◦ 131.6◦ 110.3◦ 119.6◦ 122.7◦

Ti Substrate Kt1 Kt2 Kt3 Ct1 Ct2 Ct3

Contact angle after modification 94.4◦ 141.7◦ 145.9◦ 152.8◦ 140.1◦ 143.3◦ 153.6◦

When a liquid contacts the surface of circular pits and grooves, the surface texture
prevents the liquid from fully entering the recessed area, causing the liquid to gather at the
edges of the pits and grooves. This phenomenon is known as the “Cassie–Baxter effect” [38].
Since the liquid cannot penetrate the recessed area completely, the contact area between
the liquid and the implant surface is reduced, increasing the resistance to liquid sliding on
the surface and reducing the adhesive forces between the liquid and the implant material.
Therefore, the textured surface can reduce the adhesion of bacteria or blood clots and
enhance the hydrophobicity of the implant. The key cause of a superhydrophobic surface
forming is the increased roughness of the circular pits and grooves that are etched onto the
titanium surface using a femtosecond laser. These rough structures allow water droplets to
maintain a highly aggregated state on the surface instead of spreading uniformly, which
prevents water droplets from fully contacting with the surface, thus generating a high
degree of hydrophobicity.

The quantitative analysis of the average surface roughness (Ra) and root mean square
roughness (Rq) indicates that in the case of the circular pits and grooves, the surface rough-
ness increases with the density of the texture. As the texture density increases, the surface
contact angle gradually increases, enhancing hydrophobicity while reducing wettability.
The detailed roughness values are as shown in Table 4. Combining the wetting experiments,
it can be concluded that when the roughness of a hydrophobic surface increases, the contact
angle of the surface increases, enhancing its hydrophobicity.

Table 4. Comparison of the Ra and Rq for different structures on Ti surface.

Ti Substrate K1 K2 K3 C1 C2 C3

Ra 1.3 ± 0.04 1.5 ± 0.05 1.6 ± 0.06 1.8 ± 0.03 1.6 ± 0.07 1.7 ± 0.04 1.9 ± 0.05

Rq 1.4 ± 0.07 1.6 ± 0.06 1.7 ± 0.07 1.9 ± 0.04 1.7 ± 0.08 1.8 ± 0.05 2.0 ± 0.06

Ti Substrate Kt1 Kt2 Kt3 Ct1 Ct2 Ct3

Ra after modification 1.4 ± 0.01 1.6 ± 0.08 1.7 ± 0.05 2.0 ± 0.07 1.7 ± 0.02 1.8 ± 0.06 2.0 ± 0.03

Rq after modification 1.5 ± 0.03 1.7 ± 0.09 1.8 ± 0.02 2.1 ± 0.09 1.8 ± 0.05 1.9 ± 0.08 2.1 ± 0.04

3.3. Tribological Property Analysis

An analysis of the frictional properties of the laser-modified samples K1, K2, K3, C1,
C2, and C3 was performed. Figure 8 illustrates the evaluation of the friction coefficients
for the textured and non-textured surfaces under a load of 10 N, a scratch length of 2 mm,
and a frequency of 2 Hz. The graph highlights that the non-textured sample exhibited a
higher and more variable friction coefficient. In particular, Figure 8a shows that the circular
pits had a higher friction coefficient with greater fluctuations compared to the grooves. For
instance, K1 and K3 displayed higher and more variable friction coefficients. Conversely,
K2 exhibited a relatively smaller and more stable friction coefficient. Similarly, Figure 8b
demonstrates that C1 and C3 had higher and more variable friction coefficients, while C2
showed a relatively smaller and more stable friction coefficient.
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(b) groove structure.

The abrasion contours of the textured surface are presented in Figure 9. Figure 9a
displays the abrasion contours of the different pit densities. It can be observed that the
abrasion depth of K1 was approximately 59 µm, with an abrasion width of about 3200 µm.
The bottom of the abrasion mark was relatively smooth, while the edges were uneven.
In contrast, the abrasion depth of K2 was 51 µm, with a width of 3200 µm, and both the
abrasion mark and edges were relatively smooth. The abrasion depth of K3 was about 59
µm, with a width of about 3700 µm, and a smooth bottom, with a toothed structure on the
right edge of the wear mark. Similarly, Figure 9b shows the contour lines of the abrasion
marks of the different groove densities. The abrasion depth of C1 was approximately 36 µm,
with a width of about 3160 µm, and a relatively smooth bottom. C2 had an abrasion depth
of about 36 µm, a width of about 2800 µm, and a bottom with up-and-down fluctuations in
a serrated shape. C3 exhibited an abrasion depth of about 43 µm, a width of about 2900 µm,
and a relatively smooth bottom.
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The contour lines of the abrasion marks provide direct insight into the width and
depth of the abrasion, facilitating the measurement of the wear area. This information is
valuable for calculating the wear rate using the appropriate formula, thus enabling further
analysis of the wear mechanism.

W =
V

Pvt

where W is the volume wear rate mm3/(N·m); V is the wear volume mm3; P is the load, N;
ν is the sliding speed, m/s; t is the sliding time, s.

According to the wear rate formula, it is evident that the wear rate of the circular pit
structure of K2 is lower, with a more uneven bottom surface, indicating unstable wear. This
instability is attributed to the generation of crack particles during friction. Similarly, the
wear rate of the groove structure of C2 is the lowest, with the bottom of the groove being
relatively smooth and free from cracks, indicating fewer wear particles. The rough edges
are a result of protrusions formed by particle wear during friction.

The results suggest that a higher density of microtextures may not always be beneficial.
A higher texture density can lead to easier plastic deformation and peeling of the contact
surface during friction, as well as an increased likelihood of stress concentration within
the Ti material. This can promote crack initiation and propagation, thereby reducing wear
resistance. Conversely, Ti materials with a lower texture density are more susceptible to
particle intrusion or embedding, accelerating wear.

Figure 10 illustrates the abrasion resistance mechanism of the Ti surface with different
woven structures prepared by the ultrafast laser. The figure demonstrates that the circular
pits and grooves on the Ti surface can store abrasive debris and attenuate the wear rate
of the contact surface [39]. When the friction pair contacts a superhydrophobic surface,
the circular pit structure offers several advantages. Firstly, it can store abrasive particles,
preventing them from falling off or spreading. In addition, when abrasive particles are
embedded in the circular pits, the contact area between them and the friction pair increases,
resulting in a load dispersion effect that reduces surface wear. This effect allows the
abrasive particles to withstand greater frictional forces, delaying the surface wear process.
In comparison, in the groove structure, detached abrasive particles are embedded in the
grooves, providing load support and acting as rolling axes during friction. The design
of the grooves allows abrasive particles to roll smoothly, reducing direct contact with the
friction pair and thereby reducing surface wear.
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This research indicates that the groove structure is more wear-resistant than the circular
pit structure under the same conditions. The groove structure can store abrasive particles
more effectively, enabling them to better withstand loads and reduce frictional resistance.
In addition, the contact between the surface of the groove structure and the friction pair
is more even, and the groove shape can improve lubrication conditions, further reducing
wear. Therefore, under the same conditions, the groove structure can better withstand the
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load of the friction pair, reduce surface wear, and exhibit superior wear resistance compared
to the circular pit structure.

4. Conclusions

In order to improve the abrasion resistance of Ti, the surface of Ti was processed
using an ultrafast laser with different densities of circular pits and grooves, and the surface
texture was subjected to wettability and tribological tests, and the following conclusions
were obtained:

(1) The morphology of the Ti surface processed with an ultrafast laser is more uniform,
and the textured surface exhibits better hydrophobicity compared with the flat sur-
face, and the greater the structural density of the textured Ti surface, the better its
hydrophobicity.

(2) At a load of 10 N, an abrasion mark length of 2 mm, and a frequency of 2 Hz on the
textured surface, the wear resistance of the two structures is best when the structural
density of the pit is 20%, the structural density of the grooves is 70%, and the structural
wear resistance of the grooves is better than that of the circular pits.

(3) According to the wear resistance mechanism of the superhydrophobic circular pit
structures and groove structures, it can be inferred that under hydrophobic conditions,
the ultrafast-laser-etched groove structure exhibits better wear resistance compared to
the circular pit structure because the groove structure not only stores more friction-
generated abrasive particles but also allows the exfoliated abrasive particles to exhibit
a rolling lubrication effect during friction and, therefore, reduces the surface wear
more effectively.
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