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Abstract. A flexible and efficient solution is developed to enhance the performance and extend the service life
of a Ti6-Al4-V titanium alloy. This solution combines a commercially available nanosecond laser-based metal-
surface patterning technique with a self-assembled molecular-film modification. The surface of the titanium
alloy is patterned with periodic dimple arrays of varying densities and depths using the laser processing. The
surface morphology, roughness and chemical composition of our samples are analyzed using a scanning
electron microscopy and a confocal microscopy. Moreover, the wettability of the modified titanium-alloy
surface is assessed with a contact-angle meter, yielding in a maximum contact angle as large as 153.2°. The
coefficient of friction is measured using a tribometer and the wear mechanism is analyzed with a study of
surface morphology. Under dry-sliding and water-lubrication conditions, the average coefficient of friction is
reduced respectively by over 20% and 60%, when compared to the value typical for the original surface. This
reduction is attributed to changed surface roughness and wettability. Our method offers a practical and
efficient means of enhancing the wettability and the tribological performance of the titanium-alloy surfaces.
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1.Introduction
Titanium, the fourth most abundant metal in the Earth’s crust, is regarded as a highly

promising “green material” [1]. Due to its high heat-dissipation efficiency, high resistivity,
exceptional specific fracture toughness, good fatigue strength and crack-extension resistance
[2], titanium alloys have been widely adopted as structural materials for micro-components
in various industries such as railway construction, aviation, biomedicine, and petrochemical
industry [3]. However, titanium alloys suffer from poor wear resistance and a high
coefficient of friction (CoF). The ratio of surface area to volume increases with decreasing
component size, resulting in increased surface effects, wear and surface adhesion. These
issues affect considerably reliability and stability of titanium-based components and hamper
many potential applications [4]. Practical examples of this problem include a failure of oil
field-anchor cables due to fretting wear [5] and a generation of wear particles in Ti-based
artificial hip joints, which causes bone resorption and aseptic loosening [6]. Therefore, a
surface treatment is a necessary step to enhance tribological properties of titanium alloys.
Traditional surface-treatment methods include ion implantation [7], thermal spraying
[8] and carburization [9, 10]. Morozow et al. [11] have applied the ion implantation to create
an extra-hard W;N coating on the surface of WC-Co alloy-based guide pads, which has led to
a more than 2.5-fold increase in the durability of deep-hole drills. Bhosale et al. [12] have
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conducted a systematic investigation of the tribological properties of WC-Cr3C;-Ni coating
produced through high-speed oxyfuel spraying. They have demonstrated an excellent wear
resistance above 500°C, which can be attributed to homogeneous formation of WOs3. Sahu et
al. [13] have used a surface mechanochemical carburization treatment to create a hard Fe;C
phase and a nanocrystalline surface layer on Ni-Cr-Mo steel, which reduces the surface-wear
rate to one-fifth of its original value. However, all of these methods aim to enhance the wear
resistance by increasing the surface hardness of the alloys, with little focus on reducing
friction. The lubricity and wear resistance of a surface are closely related to its morphology
[14, 15]. As a result, laser-texturing technologies for creating rough regularly arranged
structures on the alloy surfaces, with inducing no phase changes, have become a popular
research area for improving tribological properties. Some earlier studies [16-19] have been
conducted under dry-sliding conditions with no consideration of a lubricating medium. Some
other studies have used polymer-based lubricants [20] or artificial body fluids [21] as
lubricants to simulate some tribological behaviour under different scenarios. Water as a
lubricating medium offers some advantages in terms of safety, energy efficiency and
environmental friendliness, especially for superhydrophobic surfaces.

In this study, we utilize laser processing to create dimple-array microstructures with
different surface densities and depths on the surface of a Ti6-Al4-V alloy. After that, a
textured surface is coated with a molecular layer of 1H,1H,2H,2H-perfluorooctyl
trichlorosilane [CF3(CF2)s(CH2):SiClz] (FOTS) by using a molecular-film self-assembly
method. This results in the preparation of titanium-alloy surfaces with different surface
morphologies and wettabilities. The tribological properties of these samples have been
evaluated under both dry-sliding and water-lubrication conditions, using a mechanical tester
and a tribometer. This approach can testify a relevance of the impact of surface morphology
and wettability on the tribological behaviour of titanium alloys, thus providing both technical
means and theoretical support for the fabrication of wear-resistant titanium-alloy surfaces.

The remainder of this article is structured as follows. Section 2 describes our
experimental materials and methods. Section 3 presents and discusses the results of our
experiments. Finally, Section 4 draws the main conclusions.

2.Materials and Methods
A substrate material used in this study was a Ti6-Al4-V titanium-alloy disk with the

thickness 7 mm and the diameter 25 mm. Before laser processing, a substrate underwent a
preparation process that included sequentially grounding with 400, 600 and 800 mesh
diamond sandpaper and then polishing with a polishing machine until the surface roughness
(Sa) was less than 0.2 um. A sample was rinsed in an ultrasonic bath in petroleum ether,
absolute ethanol and distilled water in sequence for 5 min prior to laser processing, in order
to remove any impurities and oil stains.

As shown in Fig. 1, laser processing was performed using a pulsed fibre laser (Sundor
P50QB, China) with the output power 50 W, the central wavelength 1064 nm, the pulse
width 130 ns, the repetition frequency 40 kHz and the beam quality M2 < 1.8. A laser beam
was converged using an F-Theta lens with the 254-mm focal length, thus creating, point by
point, a dimple array composed of circular pits with the approximate diameters 100 pm on
the material surface under atmospheric conditions. A computer-controlled light-wave
scanner based on a two-axis galvanometer was used with the laser, which allowed for
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creating a set of micro-dimple textures with different densities and depths, while adjusting
the dimple interval and the laser-scanning cycle. After laser ablation, the samples were
continuously irradiated by a 250 W ultraviolet lamp for 1 h and then immersed in a 3 wt%
FOTS isooctane solution for 2 h. FOTS bonds with hydroxyl groups on the surface of the
titanium alloy reduced considerably the surface energy. Finally, the samples were
ultrasonically cleaned in petroleum ether, anhydrous ethanol and distilled water in sequence
for 5 min and then blown dry with nitrogen to complete the preparation process.

1064 nm nanosecond laser

___dimple interval

dimple

Laser treatment

LT -
@ '@ '

Ultraviolet radiation Chemical treatment Drying

Fig. 1. Scheme of a process of preparation of a superhydrophobic Ti6-Al4-V titanium alloy surface.

The three-dimensional surface morphology and the roughness (Sa; an arithmetic mean
height) of the samples were observed and analyzed using a confocal microscope (Olympus
LEXTTM OLS5100, Japan). The two-dimensional surface morphology and the chemical
composition were determined using either a scanning electron microscopy or an energy-
dispersive X-ray spectroscopy (SEM/EDX, Zeiss Supra 25, Germany). The surface wettability
was evaluated by measuring the static water-contact angle (WCA) of a 3-pL droplet of
distilled water placed on the sample surface. The WCA was captured using a contact-angle
meter (DataPhysics OCA25, Germany) and calculated using a known Laplace-Young equation
[22]. The average WCA was calculated from five different locations on each sample. A
tribometer (Bruker UMT-5, USA) was used to analyze the variation in the CoF of the samples
before and after laser processing. The experiment was conducted under dry-sliding and
water-sliding conditions. A linear reciprocating friction test was performed using a ball-on-
disk friction tester with a 10 mm Si3N4 ceramic ball as a counterpart. During the experiment,
the titanium-alloy sample was stationary, while the counterpart was reciprocated at the load
of 1 N, with the stroke 6 mm, the frequency 1 Hz and the friction time 600 s. Real-time CoF
data were recorded automatically by a computer during our test and the average CoF was
calculated. Each group of our experiments was repeated three times to ensure their
statistical significance.
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3.Results and Discussion
The average depth of the individual dimples appearing after 1, 3 and 5 laser scans are
approximately equal to 2.5, 7.0 and 10.0 pm, respectively. Let us consider the samples at the
dimple interval 150 um after 3 laser scans (see Fig. 2a, b). Then the area with concentrated
laser energy reaches the ablation threshold of the titanium alloy, which causes the material
to burn and remove and so leads to regularly spaced dimple arrays. Bulge structures with the
height 5 um are formed around the dimples, while a few small splashed particles are
observed on the surface area where no laser processing is available. When the dimple
interval decreases to 80 um (see Fig. 2c, d), one can observe micro-hills which are formed by
mutual stacking and solidification of melted materials. This results in further elevation of the
bulges on the sample surface.
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Fig. 2. Textured surface topographies observed after 3 laser scans with the dimple intervals 100 pm
(panels (a) and (b)) and 150 um (panels (c) and (d)): panels (a) and (c) show the SEM images, and
panels (b) and (d) the three-dimensional profiles.

The dependences of the surface roughness on the dimple interval are shown in Fig. 3.
When only the number of laser-scanning cycles changes, the Sa parameter increases with
increasing number of laser-scanning cycles. When the dimple interval is fixed at 80 um and
the number of laser-scanning cycles changes, Sa of the textured surfaces reaches its
maximum and then decreases with increasing number of the scanning cycles. When the
dimple interval is equal to 50 um, which is smaller than the dimple diameter, parts of the
micro-hills become removed due to overlapping dimples, thus resulting in Sa decrease.

The WCA and the chemical composition of the polished surfaces are illustrated in Fig. 4.
The WCA of the polished surface exhibits the hydrophobicity equal to 108.6 + 0.7° after
treatment with FOTS, which can be compared to the value 67.1 + 3.2° corresponding to the
original titanium alloy. This suggests that long chain molecules of FOTS are successfully bound
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Fig. 4. WCAs (panels (a) and (b)) and chemical compositions (panels (c) and (d)) of polished surfaces:
panels (a) and (c) correspond to the original surface, and panels (b), (d) to the chemically modified
surface after its treatment with FOTS.
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to the substrate surface and they alter its surface wettability. This has been verified by the
availability of F and Si in the energy spectrum of the chemically modified surface. The results
of the WCA measurements are shown in Fig. 5. Similar to the trend observed for Sa with
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changing dimple intervals, the maximum WCA is reached for all the three laser-processing
conditions whenever the dimple interval is equal to 80 um. This indicates that the wettability
of the titanium surface patterned with the dimple array correlates with Sa, i.e. the WCA
increases with increasing Sa. When Sa < 2um, the WCAs of the surfaces obtained with
different numbers of laser-scanning cycles decreases to a level similar to that of the polished
surfaces.

According to the Cassie-Baxter model [23], a droplet is in contact with a solid surface
itself, simultaneously interacting with air pockets in the micro-structures of these droplet
and solid surface. At this point, the WCA satisfies the following equation:

cos@ = fcosb, + f,cosb,, (1)

where 0 is the measured WCA, 8; and 6 denote the intrinsic WCAs respectively of the air and
the solid surface, and fi and f, are the fractions of air and solid in the entire contact area.
Note that the conditions 68; = 180° and f; + 2 = 1 hold true. Therefore, the measured 6 value
decreases with increasing solid-liquid area fraction f, and increases with increasing air-
liquid area fraction fi. When the laser-scanning cycles are performed sparingly or when the
dimples are sparsely distributed, the dimple is shallow or the height of the micro-hills (i.e.,
bulges on the textured surface) is small. This enables the droplets to enter easily the dimples,
which results in a larger fraction of the solid-liquid contact area and so a further decrease in
the WCA. With increasing number of the laser-scanning cycles or decreasing dimple interval,
the height difference for a concave-convex structure on the textured surface increases. Under
this condition, a combination of the micron-scale texture and a nanoscale FOTS-molecular
film layer facilitates formation of more air pockets, which hinders the entrance of droplets
into the dimples and increases the fraction of the air-liquid contact area. Moreover, when the
dimple interval is equal to 80 um, a super-hydrophobicity property is attained for the surface
of the titanium-alloy samples, which is characterized by the WCAs 151.6 + 0.9° and 153.2 *
0.6° obtained after 3 and 5 laser-scanning cycles, respectively.

Fig. 6a compares the average CoF values obtained for the non-textured substrate and
the textured samples during dry sliding. The data suggests that variations in the dimple
interval and the depth within a certain range have a limited impact on the average CoF of the
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Fig. 6. CoF values obtained under dry-sliding conditions: panel (a) shows the average CoFs of polished
surface and samples obtained after different numbers of laser-scanning cycles, and panel (b)
corresponds to the real-time CoFs of polished surface and representative samples obtained after 5
cycles of laser scanning.
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textured titanium-alloy surfaces, so that most of the values are close to that typical for the
polished surface (0.47). In particular, the textured samples with the dimple interval 100 pm
reveal the average CoFs 0.39 and 0.37 respectively after 3 and 5 laser-scanning cycles, i.e. they
demonstrate a moderate reduction of 17% and 21% if compared to that typical for the original
surface. This slight improvement can be attributed to a capturing effect of the dimples on wear
debris [24]. When the dimple interval amounts to 80 pm, the micro-hills appearing during
sliding in the contact area between the sample surface and the SizN4 ball yield in a somewhat
higher average CoF, if compared to the value obtained for the original surface. The real-time
CoFs of several representative samples obtained with 5 laser-scanning cycles are shown in
Fig. 6b. The polished surface shows an abrupt increase in the CoF above 0.4 at the onset of
friction, which is followed by the fluctuations between the values 0.35 and 0.6. The initial CoF
of the dimple array with the interval 80 um is approximately equal to 0.4. However, the
roughness of the surface leads to increasing frictional drag [25], causing a gradual continuous
increase in the CoF up to 0.6. In contrast, the dimple interval 100 pum corresponds to a smaller
CoF (if compared to the value typical for original surface) throughout the overall test, because
of a superior ability to accommodate wear debris. Finally, the dimple interval 200 um
corresponds to a similar trend at the onset of friction. However, the dimples are gradually filled
with wear debris as the friction continues, which leads to the CoF trend similar to that
observed for the polished surface [26].

Fig. 7a shows the average CoFs obtained for different samples under the water-lubrication
conditions. The average CoF of most surfaces remains lower than that of the polished surface,
which is characterized by the value 0.45. In the case of 5 laser-scanning cycles, the dimple-
textured surfaces with the 80-pm and 100-um intervals reveal respectively the average CoFs
0.2 and 0.17, i.e. they decrease by 56% and 62%, if compared to the value typical for the
polished surface. This suggests that the textured surface with FOTS self-assembled molecular
film plays a significant role in reducing friction in the water environment [27]. However, in the
case of a single laser-scanning cycle, this effect is not as noticeable. With increasing number of
laser-scanning cycles, deeper dimples appear which can promote hydrodynamic lubrication,
enhance the bearing capacity of the surface, reduce the friction and so achieve a lower CoF
[28]. Fig.7b shows the real-time CoFs obtained for different samples under the water-

(a) (b)

[ 11aser scan
0.7 [_]31aser scans

e
o

=
th
1

50 pm dimple interval 80 pm dimple interval
~———100 pm dimple interval 150 pm dimple interval
200 pm dimple interval 250 um dimple interval

e
-
L

= [_]51aser scans

.% 064 [_] untextured .E .S

2 {, = N

S 3
= 0.4+

sos]  mEEI| & = Kl

g S ~

£ 04l < 034

& g X r ANt

g .s \ W

€03 & 0.2

@ v

- ©

z &}

4

<

o
=
i
14
=}

T T
100 200 300 400 500 600

0.0 T T T T T T T 1
polished 50 80 100 150 200 250 Tll]le, §

Dimple interval, Lm
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polished surface and samples obtained after different numbers of laser-scanning cycles, and panel (b)
corresponds to the real-time CoFs of samples obtained after 5 cycles of laser scanning.
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lubrication conditions after 5 laser-scanning cycles. The real-time CoF for the surface with the
50-pum dimple interval is mainly affected by enhanced frictional drag arising because of a dense
surface texture. This gives the CoF values larger than those obtained for the other textured
surfaces during the whole test period. For the 80-um and 100-pm dimple intervals, the
textured surfaces form a hydrophobic boundary lubricating film with excellent anti-friction
properties [29, 30], which causes the CoF to remain stable below 0.2 after the initial decrease.
For the 150-um dimple interval, the CoF shows a mild increase but still remains below 0.3 at
the early stages of friction. However, the CoF increases rapidly above 0.4 when the friction lasts
over 500 s, since the boundary lubricating film on the non-superhydrophobic texture is fragile.
The friction between the SizN4 ball and the sample surface generates heat, which increases
gradually the temperature of the self-assembled molecular film [31]. Therefore the boundary
lubricating film eventually disappears and causes a failure. For the dimple-textured surfaces
with the intervals 200 and 250 um, capturing and reducing wear debris appearing through the
texture become the major factor that affects the CoF, which is limited by the hydrophobicity
with the WCA < 130°. Under these conditions, the dimple array with the interval 250 um is
filled with the wear debris after 60 s of sliding, so that the two samples show a similar real-
time CoF trend after approximately 100 s. In comparison with the case of dry sliding, a longer
time is needed to increase the CoF from below 0.3 to 0.4 in the water-lubrication scenario. This
is because a modification of low surface energy reduces the free energy at the sample surface
and hinders the adsorption of the sample surface onto the SizN4 ball. In addition, water can
have a scouring effect on the wear debris.

Fig. 8 shows the wear scars observed for different samples. Under the dry-sliding
conditions, deep dark gray wear scars appear on the polished surface (see Fig. 8a), with an
obvious plowing effect. Then the dominant form of wear is adhesive. For the dimple-textured
surface with the interval 80 pm, the wear scar from the dry friction (see Fig. 8b) is shallow,
with a switch to the abrasive wear, since the dimples capture small abrasive particles and
reduce the plowing effect. The same surface reveals a shallower and narrower wear scar
under the water-lubrication conditions (see Fig.8c), when compared to the dry-sliding
conditions. The equation suggested by Jung and Bushan [32] can be used to explain the force
between the SizN4 ball and the surface of the titanium-alloy samples:

F =27 Ry (cos0, +cosb,), 2)

where F, 63, 04, R and y represent respectively the force generated between the SizN,4 ball and

(a) 4 1281.962 pm (b) 1?81.962 pm (c)

-
0 1281.517 pm

1281-’517 pm 1281.517 pm
Fig. 8. Wear scars observed on the surfaces of our samples: (a) polished surface under dry-sliding
conditions, (b) textured surface with the dimple interval 80 pm obtained after 5 cycles of laser
scanning under dry-sliding conditions, and (c) textured surface with the dimple interval 80 um
obtained after 5 cycles of laser scanning under water-lubrication conditions.
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the surface of the titanium-alloy sample, the WCA of the sample surface, the WCA of the Si3N4
ball, the radius of the Si3zN4 ball and surface tension of the lubricating medium. For the
surfaces of hydrophobic samples with the WCA > 90°, cosf; is negative. This can reduce
significantly the F term and so decrease the adhesion and the friction of the surface.

4.Conclusions
A nanosecond-pulse laser has been utilized to fabricate periodic dimple-based arrays on the

surface of the titanium alloy. Our aim is improving the surface performance through a
combination of laser texturing and chemical modification performed using a self-assembled
molecular layer. The impact of number of the laser scans and the dimple intervals on the
sample morphology, roughness and wettability has been thoroughly evaluated. The results
testify that a combination of the chemical modification and the laser texturing increases the
WCA of the titanium-alloy surface from the initial value 67° to more than 153°. The
tribological behaviour of the sample surfaces has also been analyzed through the CoF
measurements. The average CoF is reduced by up to 21% and 61% respectively under the
dry-sliding and water-lubrication conditions, thus indicating a high efficiency of the
superhydrophobic surface with compact deep dimples in reinforcing lubrication, particularly
during water sliding.

Furthermore, the wear mechanisms of the surfaces have been studied. Our results
indicate a shift from adhesive wear to abrasive wear arising due to the surface texturing.
When compared to the previous study [15], we have achieved an improved anti-wear effect
under the water-lubrication conditions, using a lower-cost laser and a more time-efficient
laser-scanning approach. This enhancement can be attributed to the superhydrophobic
properties of the surface. Simultaneously, we observe that, although the micro-grooves
ablated by the picosecond lasers manifest a better regularity, the random structures (such as
micro-hills and splatters) induced by the nanosecond lasers tend to result in a larger WCA
for the surface. A potential for applications of our methods to large assemblies such as
aircraft or vessel skins should be further explored in the future.

Funding. This work is supported by the Jihua Laboratory Foundation of Guangdong
Province Laboratory, China (the Grant X220341TE22]).
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AHomayis. Po3pobaeHo zHyuke ma edpekmugHe piwieHHs 0151 NOAINWEHHS XapaKmepucmuxk i
npo0doelceHHs: mepMiHy cayxcou mumanosozo cnaasy Ti6-Al4-V. lle piweHHs1 3acHo8aHe HA
noedHaHHi KomepyiliHo docmynHoi mexHiKu CmeopeHHsl CMpyKmypu HA NO8epxXHi Memasay Ha
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OCHO8I HAHOCEKYHOHO20 Ja3epa ma «camo30ipHoi» modugikayii memody HaHeceHHs
MONEKYASPHOI naieKu. 3a donomozor /a3zepHoi 06po6KU HA NOBEepPXHI MUMAHOB8020 CNAABY
HaHeceHO nepiodu4Hi macusu sIMOK pi3Hoi wiabHocmi ma eaubuHu. Mopgonozisa nosepxHi,
wopcmkicms i XimMiyHUU cKaad Hawux 3paskie npoaHai308aHo 3a donoMo2010 CKAHY8ANbHOT
e/leKmpoHHOi MIKpocKonii ma KoH@okaabHoi Mikpockonii. Kpim mozo, 3MouysaHicmb nogepxHi
MOO0uikosaHo20 MumMaHo8020 cnAagy OyiHeHo 3a dONOMO02010 8UMIPH8AHd KOHMAKMHO20
Kyma, wo 0a10 mMakcuma/abHull kym koHmakmy 153,2°. Koegiyienm mepms eumipsiHo 3a
donomozorw0 mpuboMempa, a MexaHi3M 3HOWYBAHHSI NPOAHA/NI308AHO WASIXOM GUGHEHHS
Mopgoso2ii nogepxHi. B ymoeax cyxo2zo KOB3AHHS mMdA 3MAWy8aHHs 80001 cepedHill
KoegiyieHm mepms 3meHuwyemucsl 8idnogioHo 6invw Hixe Ha 20% ma Ha 60% nopigHsHO 3i
3HAYEHHSAM, NPUMAMAHHUM O0/151 novyamkosoi nosepxHi. Lle 3meHWeHHs NOSICHEHO 3MIHOK
wopcmkocmi nogepxHi ma 3movysaHicmio. Hau Memod nponoHye npakmuyHuil i efpekmugHuil
3aci6 nideuwjeHHs 3MOYy8aHOCMi ma nojinweHHs Mpubo/102iYHUX XAPAKMepucmuk
NnogepxoHb MUMAHOB020 CNIA8Y.

Kawuoei caoea: koepiyicHm mepmsi, nasepHe mekcmypysaHHs, Mumadosi cnaasu, cAidu
3HOUWYBAHHS, 3MOYYBAHICMD.
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