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ARTICLE INFO ABSTRACT

Keywords: Ti6Al4V is one of the most widely used titanium alloys due to its excellent mechanical, physical, and chemical
Ti6A14V properties. Laser surface texturing is a promising method to endow new functions of material surfaces; however,
Nanosecond pulse laser direct generation of laser-induced periodic surface structure (LIPSS) on the Ti6A14V surface by nanosecond laser
LIPSS . . . i . . . .

Ripple is rarely reported. In this study, by nanosecond laser irradiation in nitrogen atmosphere, the ripples (a typical
NiltJrI:)gen LIPSS) were directly fabricated on the Ti6Al4V surface. By single-line laser scanning, the effects of laser irra-

diation parameters including the laser power and repetition frequency on the formation and evolution of the
ripples were systematically investigated, followed by optimizing the laser irradiation parameters to achieve the
large-area regular and clear ripples with relatively good surface quality as well. Furthermore, by performing
contrast experiments in argon atmosphere, the role of nitrogen atmosphere on the formation of ripples was
confirmed. Accordingly, formation mechanism of the ripples was discussed. Finally, the effects of the formed
ripples on the surface color and wettability were preliminarily characterized to demonstrate the potential ap-
plications of surface ripples. This paper provides a nitrogen assisted method to fabricate large-area ripples on the

Ti6Al4V surface by nanosecond laser irradiation.

1. Introduction

Taking excellent mechanical, physical, and chemical properties such
as high specific strength, low density, excellent characteristics at high
temperature as well as good corrosion resistance and biological
compatibility, Ti6Al4V has been widely employed in national defense,
aerospace, biomedical and other fields [1-3]. However, some short-
comings, such as high friction coefficient, low hardness and wear
resistance, limit its industrial applications to some extent [1]. Therefore,
surface modification of Ti6Al4V has become an intriguing research
topic.

Generally speaking, surface nitriding [4,5] and carburizing [6,7]
could improve the surface hardness and wear resistance of titanium al-
loys. On the other hand, fabrication of micro-/nano-structures on the
surface of titanium alloys, i.e. surface texturing, has been confirmed to
be a powerful method to enhance or endow the surface functions, such
as improving the optical performances [8,9], altering surface wettability
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[10,11], and enhancing biological compatibility [12]. Taking advantage
of being environmentally friendly and high efficiency, laser-based sur-
face texturing technology has been extensively employed to structure
and functionalize the surface of titanium alloys. For example, Rotella
et al. [13] utilized a femtosecond laser to prepare the periodic surface
structures (i.e., the commonly called laser-induced periodic surface
structures, LIPSS) on the Ti6Al4V surface, which improved its adhesion
to epoxy resin. Similarly, by using the femtosecond laser, Das et al. [14]
prepared LIPSS on titanium film, demonstrating potential applications
in high-energy particle physics. Via a picosecond laser, Yu et al. [15]
fabricated groove arrays on the Ti6Al4V surface for biomedical appli-
cation, and the cell proliferation and binding ability to the conjugate
were significantly enhanced. When increasing the pulse width to
nanosecond, Kosec et al. [16] fabricated microstructures on titanium
alloys by using a nanosecond laser, and they further investigated the
effect of microstructures on the surface color. To inhibit the growth of
bacteria, Patil et al. [17] used the nanosecond laser to form
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Table 1

Experimental parameters.
Sample material Ti6Al4V
Laser wavelength (nm) 1064
Laser pulse width (ns) 7

Laser power P (W)

Laser scanning speed v (mm s~ )

Pulse overlap rate between two adjacent scanning
lines r

Laser repetition frequency f (kHz)

3.75, 4.04, 4.46, 4.92, 5.21
10
88.3%, 76.6%, 53.3%

300, 400, 500, 600, 700, 800,
900

Atmosphere Nitrogen, Argon

micro-dimple arrays on the Ti6Al4V surface. By combining nanosecond
laser and femtosecond laser, Huerta-Murillo et al. [18] prepared
micro-/nano-scale hierarchical structures on the Ti6Al4V surface to
achieve super-hydrophobicity.

By analyzing the large number of previous studies working on laser
texturing of titanium alloys, ultra-short pulse lasers especially the
femtosecond laser, could readily induce the formation of LIPSS on the
surface of titanium alloys. Accordingly, for titanium alloys, the research
on the formation mechanism [19] and potential applications [20] of
LIPSS is mainly based on the femtosecond laser-induced LIPSS. How-
ever, for nanosecond laser with a relatively long pulse width, direct
generation of LIPSS on the surface of titanium alloys is rarely reported.
The publication years of the last two related research articles need to be
dated back to 2017 [21] and 2020 [22]. Even so, exploring the possi-
bility to directly create LIPSS on the surface of titanium alloys by
nanosecond laser is still quite meaningful and valuable because of its low
cost and high efficiency compared to the femtosecond and picosecond
lasers [23]. Accordingly, in this study, by attempting nanosecond laser
irradiation in nitrogen atmosphere, LIPSS was successfully generated on
the Ti6Al4V surface. The effects of laser parameters on the formation
and evolution of LIPSS were investigated in detail by single-line laser
scanning, followed by optimizing the laser parameters to generate the
large-area LIPSS on the Ti6Al4V surface. According to the experimental
results and analysis, the formation mechanism of LIPSS was discussed
with consideration of the role of nitrogen atmosphere. At last, the effects
of generated LIPSS on the surface color and wettability were studied.

2. Materials and experiments

Ti6Al4V samples with dimension of 40 mm x 40 mm x 3 mm were
cut from a thin plate by wire electrical discharge machining (wire-EDM).
To remove the oxide layer and surface defects, mechanical grinding and
polishing were performed on the polishing machine (Unipol-802, She-
nyang Kejing Materials Technology Co., LTD, China) by using 400, 800,
1000, 1200, and 1500 sandpapers in sequence. Then, these samples
were cleaned using ethanol. To provide a shielding environment, a
specific aluminum box with dimension of 100 mm x 100 mm x 70 mm
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was fabricated. Two holes were designed on two adjacent sides of the
box, which allowed the shielding gas to pass through. A groove was
machined on the cover of the box, and it was further covered by silica
glass. When the sample was installed inside the box, the laser could go
through the silica glass and reach the sample surface.

The as-prepared samples were irradiated by using the nanosecond
fiber laser system (SP-050P-A-EP-Z-F-Y, SPI, UK) with a wavelength of
1064 nm. The laser has a Gaussian beam profile with a circularly
polarized state, and a spot diameter of ~43 pm at the focused plane. The
laser scanning speed and repetition frequency have a similar effect (i.e.,
the number of pulses per unit length is changed), so the laser scanning
speed was fixed to 10 mm s~ through preliminary experiments, and the
repetition frequency was changed. For comparison, various laser
powers, pulse overlap rates, laser repetition frequencies, and atmo-
spheres were employed. The pulse overlap rates of 88.3%, 76.6%, and
53.3% correspond to the intervals of 5, 10, and 15 pm between two
adjacent scanning lines, respectively. The detailed experimental pa-
rameters mentioned above are listed in Table 1.

After laser irradiation, the resultant surface structures were prelim-
inarily observed by the DSX500 digital microscope (Olympus, Japan),
and further observed by using the scanning electron microscope (SEM,
JSM-IT500A, JEOL, Japan). The three-dimensional (3D) structures in
the irradiated regions were characterized by using the laser scanning
confocal microscopy (LSCM, OLS4100, Olympus, Japan). An X-ray
diffractometer (XRD, D8 Discover, Bruker, Germany) was employed to
characterize the crystal phases before and after laser irradiation in
different atmospheres. The structured samples were further immersed in
1 wt% 1H,1H,2H,2H-Perfluorooctyltriethoxysilane-ethanol solution for
1 h and dried at room temperature for 30 min. The wettability of the
polished and structured surfaces before and after chemical modification
was evaluated by a contact angle measuring instrument (OAS60, NBSI,
China), and the droplet volume for measurement was 5 pL.

3. Results and discussion
3.1. Preliminary selection of laser parameters

Fig. 1 presents the typical optical and SEM morphologies of the
single-line scanned region. The used laser power, scanning speed, and
repetition frequency were 4.46 W, 10 mm s}, and 700 kHz, respec-
tively, and the experiments were performed in nitrogen atmosphere. To
obtain repeatable results for each experimental condition, single-line
scanning was performed along many lines. Here, the single-line scan-
ning means that there is no overlap between two adjacent scanning
lines. In Fig. 1(a), the surface shows the color of golden yellow, and the
laser scanning traces are visible. In Fig. 1(b) and (c), it is seen that LIPSS
(i.e., the ripples) have been formed on Ti6Al4V surface. In addition,
some micro-cracks appear around the edges of the scanning line. This
kind of ripples has been commonly generated on various materials by

Fig. 1. Typical optical (a) and SEM (b and c) morphologies of the single-line scanned region obtained under the following experimental conditions: P = 4.46 W, v =

10 mm s~%, f = 700 kHz, and nitrogen atmosphere.
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Fig. 2. SEM morphologies of the single-line scanned regions obtained under different laser powers in nitrogen atmosphere (f = 700 kHz, v = 10 mm s 1): (a) 3.75 W,
(c) 4.04 W, (e) 4.92 W, and (g) 5.21 W. (b), (d), (f) and (h) are the local enlarged images, respectively.

using the femtosecond and picosecond pulse lasers [24-27], but it is
rarely reported by using the nanosecond pulse laser.

To investigate the effects of laser irradiation parameters on the for-
mation of ripples and accordingly explore its formation mechanism,
single-line laser scanning was further performed under various laser
powers and repetition frequencies. Fig. 2 shows the SEM morphologies
of the single-line scanned regions obtained under different laser powers.
The scanning speed and repetition frequency were kept to be 10 mm s
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and 700 kHz, respectively. As shown in Fig. 2(a) and (b), when the laser
power is 3.75 W, no ripples are generated in the irradiated region;
around the central zone, there are many small holes and tiny cracks
distributed, and some local bulges appear, showing the tendency to
evolve into the ripples. When the laser power increases to 4.04 W, micro-
domes appear around the central zone (Fig. 2(d)), and some of them
have self-assembled to form the rudiment of ripples but with irregular
directions. As shown in Fig. 1(c), when the laser power is 4.46 W,
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Fig. 3. 3D topographies of the single-line scanned regions obtained under different laser powers in nitrogen atmosphere (f = 700 kHz, v = 10 mm s~ ): (a) 4.04 W,
(b) 4.46 W, (c) 4.92 W, and (d) 5.21 W. (e) Profiles of the cross-sections marked in Fig. 3(a)-3(d).

relatively regular ripples have been formed around the central zone.
Further increasing the laser power to 4.92 and 5.21 W, the ripples
become twisty and shallow, as shown in Fig. 2(e)-2(h). In addition, for
all the employed laser powers, micro-cracks could be observed in the
irradiated regions.

Fig. 3 presents the 3D topographies of the single-line scanned regions
obtained under various laser powers. The other parameters are the same
to those in Fig. 2. Distinct valleys and peaks are observed in each laser
scanning trace. Due to the complex laser-material interaction, the
molten materials around the center of the scanning line are extruded and
then re-solidified on both sides, forming the valley and peak at the
center and side of the laser scanning trace, respectively. Fig. 3(e) pre-
sents the profiles of the cross-sections marked in Fig. 3(a)-3(d). With
increase in laser power, the height of the peak and the depth of the valley
tend to increase, and these two parameters significantly affect the final
quality of laser irradiated surface. Therefore, for fabricating large-area
ripples, the laser irradiation parameters should be optimized. Accord-
ing to the comparative results in Figs. 1~3, the laser power was

preliminarily selected as 4.46 W. Under this power, the ripples formed
on the Ti6Al4V surface are clear and regular, and the influence of peaks
and valleys on the surface quality is also relatively weak.

The laser scanning speed and power were kept to be 10 mm s~ and
4.46 W, respectively. As shown in Fig. 4(a) and (b), when the repetition
frequency is lower than 400 kHz, no ripples are generated in the irra-
diated region. When the frequency is in the range of 500-800 kHz as
shown in Fig. 4(c)-4(h), distinct ripples are formed on the Ti6Al4V
surface, accompanied with some micro-cracks in the central region. At
500 kHz, the distribution of micro-cracks is disordered; at 600 kHz, the
micro-cracks are mainly distributed near the center. Compared to the
morphology obtained at 700 kHz (Fig. 1(c)), although more micro-
cracks are generated in the irradiated region obtained at 600 kHz, the
formed ripples are clearer and more regular. Further increasing the
frequency to 800 kHz, the ripples become disordered and micro-domes
appear again. Accordingly, the ripples obtained at frequencies of
500-800 kHz were further characterized by using the laser scanning
confocal microscopy. Fig. 5(a) presents a typical optical image obtained
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Fig. 4. SEM morphologies of the single-line scanned regions obtained under different repetition frequencies in nitrogen atmosphere (P = 4.46 W, v = 10 mm s 1): (a)
400 kHz, (c) 500 kHz, (e) 600 kHz, and (g) 800 kHz. (b), (d), (f), and (h) are the local enlarged images, respectively.

at 600 kHz, and regular ripples are clearly observed, agreeing well with
the SEM result. Fig. 5(b) illustrates the profile of the marked line in Fig. 5
(a), from which the period of the ripples could be easily obtained. Fig. 5
(c) presents the statistical results of the period varying with frequency. It
is noted that the period of ripples obtained at different frequencies re-
mains at about 0.98 pm, being almost independent of the repetition
frequency.

When the laser repetition frequency changes, two main factors would
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cause the experiment results to change. One is the pulse energy, and
another is the pulse overlap rate along single scanning line. The pulse
energy E can be expressed as

E=—

1
7 €y

where P is the average laser power. When the average laser power keeps
constant, the pulse energy decreases with increase in repetition
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statistical results of the period varying with the repetition frequency.

frequency, resulting in the change in morphology.
The overlap rate S between two adjacent laser pulses along single
scanning line can be calculated by the following formula [28].

S=1-_"

3R (2)

where R is the radius of laser beam. The calculation results show that
under the employed laser repetition frequency, all the corresponding
overlap rates are higher than 99%, indicating that the laser overlap rate
S during single-line scanning would have very slight effect on the
experimental results. According to these comparative results obtained
under the laser power of 4.46 W, the repetition frequency of 600 kHz is
selected for achieving well-organized ripples during single-line
scanning.

3.2. Final optimization of laser parameters

According to the above results obtained by single-line scanning, the
laser power and repetition frequency for large-area fabrication of ripples
are preliminarily selected as 4.46 W and 600 kHz, respectively. For
multi-line scanning, another parameter, i.e. the pulse overlap rate be-
tween two adjacent scanning lines will also significantly affect the final
surface microstructures. Therefore, the preliminarily selected laser pa-
rameters by single-line scanning are further confirmed by multi-line
scanning with a given overlap rate of 76.6% between two adjacent
scanning lines. In this process, both the morphology of ripples and the
final surface quality are considered. The surface roughness parameters
Sa and Sz are used to evaluate the surface quality. Fig. 6 shows the SEM
morphologies of the multi-line scanned regions obtained under different
repetition frequencies. When the frequency is 500 kHz, clear ripples

©

Fig. 5. (a) The optical image obtained at 600 kHz (P = 4.46 W, v = 10 mm s’l, nitrogen atmosphere), and (b) the profile of the marked line in (a). (c) shows the
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have been generated on the scanned regions (Fig. 6(a)). However,
evident laser scanning traces with grooves and bulges interlaced are
observed, and some relatively big cracks appear. As shown in Fig. 6(b),
when the frequency increases to 600 kHz, the surface becomes slightly
flat with reduced cracks, and the ripples are relatively regular. However,
upon the ripples, there is a layer of flocculent nanostructure, probably
due to the re-deposition of vaporized materials [29]. As shown in Fig. 6
(c) and (d), when the frequency is 700 kHz or 800 kHz, the surface
morphologies being similar to that obtained at 600 kHz can be obtained,
and furthermore, the resultant surfaces are much cleaner with fewer
cracks. When carefully comparing Fig. 6(c)(3) with Fig. 6(d)(3), it is
seen that in the interactive region between two adjacent scanning lines,
the ripples are more closely connected at 700 kHz.

Fig. 7 presents the 3D topographies obtained under different fre-
quencies. The laser repetition frequencies of Fig. 7(a), (b), (c), and (d)
are 500 kHz, 600 kHz, 700 kHz, and 800 kHz, respectively. The valleys
and peaks formed by laser irradiation are alternately distributed on the
Ti6Al4V surface. When increasing the frequency, both the Sa and Sz tend
to decrease slightly, demonstrating that the surface quality is gradually
improved. With consideration of both the morphology of ripples and the
final surface quality in Figs. 6 and 7, the laser repetition frequency for
fabricating the large-area ripples is finally selected to be 700 kHz.

Then, according to the results obtained by single-line scanning,
multi-line scanning experiments were further carried out under laser
powers of about 4.46 W with other laser parameters fixed. Fig. 8 shows
the corresponding SEM morphologies and 3D topographies. In Fig. 8(a),
when the power is 4.04 W, the cracks are mainly distributed at the
junction of two laser scanning lines and extend locally to the central
region. In Fig. 6(c), when the power is 4.46 W, the distribution of surface
cracks is similar to that obtained under 4.04 W, but the number of crack
propagation decreases. In Fig 8(b), when the power is 4.92 W, a layer of
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Fig. 6. SEM morphologies of the multi-line scanned regions obtained under different frequencies in nitrogen atmosphere (P = 4.46 W, v = 10 mm s~ 1): (a) 500 kHz,
(b) 600 kHz, (c) 700 kHz, and (d) 800 kHz. Numbers (1, 2, 3) in parentheses after letters mean that those three images are obtained with different magnifications.

floccules is formed on the surface, which significantly affects the surface
quality. Fig. 8(c) and (d) show the 3D topographies of the multi-line
scanned regions. With increase in laser power, both the Sa and Sz
slightly increase, indicating that the surface quality is deteriorated.
Comprehensively considering the morphology of ripples and surface
quality, the laser power is selected as 4.46 W.

For multi-line laser scanning, the pulse overlap rate is another key
parameter for fabrication of large-area ripples. In the above multi-line
scanning experiments, the used pulse overlap rate was 76.6%. For
comparison, Fig. 9(a) and (b) present the SEM morphologies obtained
another two pulse overlap rates, 83.3% and 53.5%, respectively. As
shown in Fig. 9(a), when the pulse overlap rate is 83.3%, the ripples are
surrounded by pits and scattered cracks which deteriorate the quality of
the ripples and the irradiated surface. This is due to that when increasing
the pulse overlap rate, the formed ripples in the preceding laser scanning
line would still in the irradiation region of the next laser scanning line,
and thus they would be affected by the next laser scanning line, leading
to deteriorated ripples and surface quality. In Fig. 9(b), when the pulse
overlap rate is decreased to 53.5%, the ripples are formed only in the
center area of each scanning line, and furthermore, cracks still appear in
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the junction of the two scanning lines. In this case, the laser energy in the
junction is insufficient to achieve the critical condition for generating
the ripples.

Finally, according to the above comparative experiments and results,
the preferred laser parameters for fabrication of large-area ripples on
Ti6Al4V surface are as follows: v =10 mm s’l, P=446W, f=700kHz,
and r = 76.6%. With these parameters, the formed large-area ripples
would be regular and clear as shown in Fig. 6(c), and the surface quality
of laser irradiated region is better as well.

3.3. Laser irradiation in argon atmosphere

All the above experiments were performed in nitrogen atmosphere.
To explore the effects of irradiation atmosphere, multi-line scanning of
Ti6Al4V surface was also performed in argon atmosphere under the
preferred laser parameters. After many attempts with different laser
powers, no periodic ripples are observed in the irradiated regions.
Fig. 10 gives two examples obtained under 6.07 W and 12.00 W. Instead
of the ripples, the hexagonal structures with distinct boundary are
observed, and furthermore, the needle structures exist in the interior of
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Fig. 7. 3D topographies of the multi-line scanned regions obtained under different frequencies in nitrogen atmosphere (P = 4.46 W, v = 10 mm s '): (a) 500 kHz, (b)

600 kHz, (c) 700 kHz, and (d) 800 kHz. Sa and Sz are included in each figure.

the hexagonal structure. With increase in the laser power from 6.07 W to
12.00 W, these two kinds of structures become evident and clear. By
comparing the observed structures with some previous literatures, they
are very similar to the surface characteristics after selective laser melting
[30,31]. Ti6Al4V is a typical double-phase (a+p) titanium alloy. The
B-phase could be transformed into acicular martensite o due to the high
temperature gradient during laser irradiation, and the cyclic thermal
effect and rapid cooling rate lead to this regular hexagonal microstruc-
ture consisting of prior p columnar grains filled with acicular martensite
o’ [30-32].

4. Formation mechanism of the LIPSS

Various LIPSSs have been extensively reported in many previous
studies [33-35], especially by ultra-short pulse laser irradiation such as
picosecond and femtosecond laser irradiation [36,37]. Also, the for-
mation mechanisms of LIPSSs have been investigated for many years,
and a series of models have been proposed, for example, the scattering
wave model, residual radiation model, capillary wave model, and
interference model between incident light and surface plasmon polar-
iton (SPP) [38-42]. Although there is no unified model, the interference
model is preferred by many scholars [43]. According to the relationship
between the period A and wavelength A, LIPSSs could be further divided
into two categories, the low spatial frequency LIPSS (LSFL) with a period
being approximately equal to the wavelength length (A=), and the high
spatial frequency LIPSS (HSFL) with a period being much smaller than
the wavelength (A«A) [44,45]. HSFL is a typical phenomenon for
ultra-short pulse laser irradiation of materials. But for the nanosecond
laser with a relatively long pulse width, the formation of regular LIPSS,
especially the preparation of large-area LIPSS, is relatively difficult, due
to the non-negligible thermal effect [34,46]. In this study, by nano-
second laser irradiation in nitrogen atmosphere, LSFL has been pro-
duced on the Ti6Al4V surface.

4.1. Orientation of ripples

As shown in Fig. 1, it is obvious that the main orientation of the
ripples is perpendicular to the laser scanning direction. However, it
becomes disorder in some irradiated regions as shown in Fig. 1(c). The
possible reasons leading to the disorder are included as follows. Firstly,
the defects on the original Ti6Al4V surface would lead to the inhomo-
geneous absorption of laser energy. Secondly, the micro-cracks induced
by laser irradiation would affect the propagation of ripples. As shown in
Fig. 6, the orientation of ripples has changed around the cracks. Thirdly,
Ti6Al4V has remarkable grain boundaries as shown in Fig. 10, and the
laser absorption in these grain boundaries would be also different from
the interior of grains. Therefore, the grain boundaries may also affect the
orientation of ripples.

4.2. Spatial period of ripples

The spatial period of ripples is mainly determined by the initial
ripples [43]. In the irradiated region, the molten layer is formed due to
the rapid rise in temperature of the Ti6Al4V surface. At high tempera-
ture, the molten layer readily reacts with the surrounding nitrogen,
resulting in the formation of TiN. This could be confirmed by the XRD
patterns shown in Fig. 11. While, for laser irradiated surface in argon
atmosphere, the XRD pattern is very similar to that of the original sur-
face, being without the TiN phase. As laser irradiation in argon atmo-
sphere does not induce the generation of ripples, the role of TiN on the
formation of ripples is confirmed.

With consideration of the interference between SPP and laser as well
as the subsequent coupling and positive feedback phenomena, the initial
ripples are considered to be formed in the molten layer composed of TiN,
and the period A can be given as [39,47].
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Fig. 8. SEM morphologies of the multi-line scanned regions obtained under different power in nitrogen atmosphere (f = 700 kHz, v = 10 mm s~): (a) 4.04 W, and
(b) 4.92 W. Numbers (1, 2, 3) in parentheses after letters mean that those three images are obtained with different magnifications. (c) and (d) show the corresponding
3D topographies of the multi-line scanned regions, and Sa and Sz are included in each figure.

Fig. 9. SEM morphologies of the multi-line scanned regions obtained under different pulse overlap rates in nitrogen atmosphere (v = 10 mm s %, P = 4.46 W, f = 700
kHz): (a) r = 88.3%, (b) r = 53.5%. Numbers (1, 2, 3) in parentheses after letters mean that those three images are obtained with different magnifications.
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Fig. 10. SEM morphologies of the multi-line scanned regions obtained under different laser powers in argon atmosphere (v = 10 mm s~ %, f = 700 kHz, r = 76.6%):
(a) P = 6.07 W, and (b) P = 12.00 W. The images on the right are enlarged images of the left one.

where 1 is the wavelength of laser, A is the SPP period, and 6 is the
incident angle of laser. As Ti6Al4V is not perfect medium, the excitation
of SPP on particular interface has to satisfy the condition in Eq. (4) [44,
471.

£, xe, +€ xel <0 4

where ¢, and ¢/ are the real and imaginary parts of the dielectric
function for nitrogen, ¢, and ¢} are the real and imaginary parts of the
dielectric function for molten layer. The SPP period can be calculated by
the following equations [44,47].

22
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L=1\/2(L; + L3)* + 2L,
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, S\ 2 " »2q1
Fig. 11. XRD patterns of original Ti6Al4V surface and the surfaces after laser Ly = [(8 1+ 82) +é +e 2}
irradiation in argon and nitrogen atmospheres.
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Fig. 12. Schematic diagram illustrating the formation of ripples: (a) interference model and (b) grating coupled model.
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Fig. 13. (a) Optical images of the sample after laser irradiation captured in natural light, and (b) the corresponding laser parameters. (c) shows the optical images
“nine-squares” captured in the relatively dark environment with a vertical light source, and (d) shows the color change of “JLU” when changing the shooting angle.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

The slight difference could be attributed to the feedback mechanism

between pulses as well as the change of instantaneous dielectric constant
The dielectric constants of the TiN and nitrogen are —15.018 + [49].

20.954i and 1, respectively [48], which can excite SPP at the interface of

the molten layer and nitrogen. The period of initial ripples obtained by

the above formula is about 1.03 pm (0.971), which is close to the

experimentally measured period of about 0.98 pm as shown in Fig. 5(c).

Ly = (efe, +£,63) (e, +£3)Lo — (£, —€]e3) (] + £3)Lo

4.3. Formation mechanism

Due to some irregular defects and impurities on the Ti6Al4V surface,

Polished surface 62° Surface with LIPSS 45°

(a) (b)
Polished and chemically 95° Surface with LIPSS and 122°
modified surface chemical modification

(©) (d)

Fig. 14. Contact angles of (a) the polished Ti6Al4V surface, (b) the surface with LIPSS, (c) the polished and then chemically modified surface, and (d) the surface
with LIPSS and chemical modification.
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SPP could be excited in the molten layer composed of TiN during laser
irradiation in nitrogen atmosphere [50,51]. Then, the initial ripples are
formed due to the inhomogeneous deposition of laser energy caused by
the interference between the incident laser and SPP [52,53], as illus-
trated in Fig. 12(a). After the initial ripples have been formed, the direct
interference between the incident laser and SPP is transformed into the
subsequent grating-assisted SPP-laser coupling [40,54], as illustrated in
Fig. 12(b). With the action of the grating-assisted SPP-laser coupling,
SPP satisfies the phase matching and produces strong resonance, which
makes the absorption of laser energy more effective [39,55]. The electric
field on the material surface will be redistributed and the enhancement
of groove internal field will deepen the groove and finally achieve
positive feedback [39,40]. For nanosecond pulse laser, thermal effect is
inevitable [46,56]. The melting and evaporation on the material surface
will hinder the deepening of grooves, and therefore these ripples are
generated under a dynamic equilibrium condition.

5. Potential applications
5.1. Structural coloration

One of the promising applications of LIPSS is to achieve the struc-
tural coloration of material surfaces especially the metal surfaces. In this
study, effects of the formed LIPSS on the surface color of Ti6Al4V were
preliminarily characterized. Fig. 13(a) shows the optical image of the
sample after laser irradiation, which includes “nine-squares” and “JLU”.
This image was captured in natural light. The size of each square is 3 x 3
mm, the spacing between two squares is 1 mm, and the size of “JLU” is 5
x 12 mm. Fig. 13(b) lists the laser parameters corresponding to each
square. In Fig. 13(a), the difference in color is observed, and the surface
color is changed with the change in laser parameters. When capturing in
the relatively dark environment with a vertical light source, the differ-
ence of color in the “nine-squares” is evident, as shown in Fig. 13(c).
When one of the laser parameters is gradually changed, for example
changing the repetition frequency, the surface color shows a transitional
tendency, which provides the possibility to control the surface color by
changing the laser parameters. Moreover, as shown in Fig. 13(d), when
changing the shooting angle, the “JLU” could present various colors. The
results in Fig. 13 demonstrate a potential application of the formed
LIPSS in coloring of Ti6Al4V surface.

5.2. Wettability

Another important application of LIPSS is to tune the surface
wettability of materials. Therefore, the effects of LIPSS on the surface
wettability of Ti6Al4V were characterized. Fig. 14 presents the results.
Fig. 14(a) shows the contact angle of the polished Ti6Al4V surface, and
it is about 62°. The surface with LIPSS generated under selected laser
parameters shows a contact angle of 45°, which means that the formed
LIPSS slightly increases the hydrophilicity. Fig. 14(c) and (d) show the
contact angles of the polished surface and the surface with LIPSS after
chemical modification, and the contact angles are 95° and 122°,
respectively. The comparative results indicate that the formed LIPSS has
changed the wettability of Ti6Al4V surface before or after chemical
modification. However, as the formed LIPSS is relatively shallow and the
irradiated surface is still quite flat, the change in surface wettability is
not obvious.

6. Conclusions

In summary, this study explored the possibility to directly fabricate
of LIPSS on the Ti6Al4V surface by nanosecond laser irradiation. By
experiments and analysis, the main conclusions could be derived as
follows.

Precision Engineering 73 (2022) 244-256

(1) The ripples, a typical LIPSS, could be fabricated on the Ti6Al4V
surface by nanosecond laser irradiation in nitrogen atmosphere.
Laser irradiation parameters such as the laser power, repetition
frequency, and pulse overlap rate significantly affected the
morphology of the ripples as well as the surface quality.

(2) The preferred laser irradiation parameters for fabrication of
large-area ripples on Ti6Al4V surface were as follows: v =10 mm
sL P =446 W, f =700 kHz, and r = 76.6%. With these pa-
rameters, the formed large-area ripples would be regular and
clear, and the final surface quality was better as well.

(3) Nanosecond laser irradiation in argon atmosphere could not
induce the formation of the ripples, demonstrating the assisted
role of nitrogen. XRD patterns confirmed the generation of TiN on
the surface irradiated in nitrogen atmosphere.

(4) The formed ripples changed the surface color and wettability of
the Ti6Al4V surface.

This study confirms that by nanosecond pulse laser irradiation in
nitrogen atmosphere, regular large-area LIPSS could be fabricated on the
Ti6Al4V surface, which could achieve surface coloration and tune the
surface wettability of Ti6Al4V, thereby accelerating its engineering
application as functional materials. In addition, this study may also
provide a reference for the preparation of regular LIPSS on the surface of
some other alloys by using the nanosecond pulse laser.
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