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HIGHLIGHTS

« Nanaoporous structures were
fabricated on the Ti6Al4V surface by
nanosecond pulse laser irradiation.

« Their porosity can be easily tuned by
changing the laser parameters.

« The surface with nanoporous
structures exhibited similar surface
hardness but superior tribological
performance.

« The formed nanoporous structures
could tune the surface wettability.
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ABSTRACT

Manipulating materials at nanoscale is challenging but rewarding. Nanostructures exhibit some unique
properties distinguished from macroscopic bulk materials, so fabrication of nanostructures on the mate-
rial surface is beneficial to broaden their functional applications. In this study, by nanosecond pulse laser
irradiation in nitrogen atmosphere, it was found that unique nanoporous structures could be formed on
the Ti6Al4V surface. The effects of laser parameters including the laser power, overlap rate, scanning
speed, and repetition frequency on the formation and evolution of the nanoporous structures were sys-
tematically investigated. By changing the laser parameters, the nanoporous structures with various
porosities could be easily achieved on the Ti6Al4V surface. According to the structural evolution and
chemical composition, the formation mechanism of the nanoporous structures was discussed.
Furthermore, by characterizing the micro-mechanical properties and wettability, it was found that the
surface with nanoporous structures exhibited similar surface hardness but improved tribological perfor-
mances compared to the original Ti6Al4V surface, and the surface wettability could be tuned. This study
provides a simple method for fabricating nanoporous structures on the Ti6Al4V surface, which would

broaden its functional applications.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Due to the unique size effects [1,2], nanomaterials exhibit
unconventional properties distinguished from macroscopic bulk
materials, such as ultrahigh-specific surface area, novel optical,
thermal, and electromagnetic properties. Therefore, manipulating

0264-1275/© 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.111243&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2022.111243
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:huanghu@jlu.edu.cn
https://doi.org/10.1016/j.matdes.2022.111243
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes

C. Wang, H. Huang, Z. Zhang et al.

Table 1

The experimental conditions.
Laser parameter Value
Laser power P (W) 1.35, 1.48, 1.61, 1.75
Laser scanning speed v (mmy/s) 5,10, 15

Laser overlap rate between two adjacent scanning 88.3 %, 76.6 %, 64.3 %
lines r
Laser repetition frequency f (kHz) 500, 600, 700, 800,

900

materials at the nanoscale has always attracted considerable atten-
tion [3,4]. As a member of the nanomaterial family, nanoporous
materials have shown promising application prospects in catalyst
carriers [5], signal sensing [6], electromagnetic shielding [7],
energy storage [8], and lightweight design [9]. For example, due
to the ultrahigh-specific surface area, nanoporous materials can
provide more catalytic sites and achieve better catalytic effects
[10]. Besides, it also breaks through the limitations in energy stor-
age for some traditional materials such as fuel cells and lithium
batteries [11]. Many approaches have been developed for fabricat-
ing the nanoporous structures on various material surfaces [12-
14]. While for the metal materials, the commonly employed
method for preparing the nanoporous structures is dealloying
[15-17], which is based on the principle of electrochemical corro-
sion. However, this method is limited by the electrochemical char-
acteristics of metal samples as well as the pollutants generated
during the processing. Therefore, it is urgently desired to explore
new methods for fabricating the nanoporous structures on metal
surfaces.

Taking advantages of high specific strength, excellent corrosion
resistance, and outstanding biocompatibility, titanium and its
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alloys are widely applied in orthopedics and dental implants
[18]. Some previous studies [19,20] have shown that porous tita-
nium is beneficial to the proliferation and differentiation of bone
cells, promoting the combination of bone cells and implants. For
example, Su et al. reported that the nanoporous structures on the
Ti6Al4V surface improved the adhesion of osteogenic cells [21].
Xia et al. systematically studied the effects of nanoporous struc-
tures with different pore sizes on the diffusion and differentiation
of bone marrow-derived stem cells [22]. Besides, Ramis et al.
demonstrated that the nanoporous structures could improve the
integration of soft tissues around the implant [23]. Accordingly,
the fabrication of nanoporous structures on titanium alloys is of
great importance. Apart from dealloying, some other strategies
such as additive manufacturing [24,25], anodization [26], and
hydrothermal reaction [27] have also been used to fabricate the
nanoporous structures on titanium alloys, but they still face the
drawbacks of being time-consuming and expensive. Therefore, it
is quite meaningful to develop an alternative method for the fabri-
cation of nanoporous structures on titanium alloys.

Laser processing, as a flexible, efficient, and environmentally
friendly method, without the requirement for stabilizers and other
chemicals, has shown potential application in the fabrication of
micro/nano-structures [28]. By laser-material interaction, it is easy
to generate some micro/nano-structures such as nanoparticles
[29,30], ripples [31], and other structures [32]. However, few stud-
ies have focused on the fabrication of nanoporous structures on
titanium alloys by laser processing alone. In this study, by nanosec-
ond pulse laser irradiation in nitrogen atmosphere, nanoporous
structures were successfully fabricated on the Ti6Al4V surface.
The effects of laser parameters on the formation and evolution of
nanoporous structures were investigated in detail, followed by
characterizing their micro-mechanical properties and wettability.

Fig. 1. SEM morphologies of the single-line scanned regions obtained under various laser powers (v = 10 mm/s, f = 700 kHz): (a) 1.35 W, (b) 1.48 W, (c) 1.61 W, and (d)

1.75 W.



C. Wang, H. Huang, Z. Zhang et al.
2. Materials and experiments

The commercial Ti6Al4V samples with a dimension of
40 mm x 40 mm x 3 mm were used in the experiments. To obtain
a mirror-like surface, the samples were ground by using 400, 800,
1200, 1500, and 2000 sandpapers and then polished in sequence.
The as-prepared samples were irradiated by a fiber pulse laser sys-
tem (SP-050P-A-EP-Z-F-Y, SPI, UK) with a pulse width of 7 ns and
central wavelength of 1064 nm. The laser beam has a Gaussian
profile (TEMgo mode, M? < 1.6) with a focused spot diameter
of ~ 42 pm. To obtain a uniform surface structure, the “S” scanning
path was employed. The experiments were performed in pure
nitrogen atmosphere with a pressure of 0.05 MPa. To investigate
the evolution of laser-induced surface structure, various laser pow-
ers, overlap rates, scanning speeds, and repetition frequencies were
employed, as listed in Table 1. The overlap rates of 88.3 %, 76.6 %,
and 64.3 % correspond to the intervals of 5, 10, and 15 pm between
two adjacent scanning lines, respectively.

Materials & Design 223 (2022) 111243

The laser irradiated surfaces were observed by using a tungsten
filament scanning electron microscope (SEM, JSM-IT500A, JEOL,
Japan), field emission scanning electron microscope (SEM, JSM-
7900F, JEOL, Japan), and the laser scanning confocal microscope
(LSCM, OLS4100, Olympus, Japan). The Image] software was used
to analyze the pore size and porosity of the laser irradiated surface.
The element distribution of the laser irradiated surface was
detected by using an energy dispersive X-ray spectroscopy (EDS,
EX-74600U4L2Q, JEOL, Japan). An X-ray diffractometer (XRD, D8
Discover, Bruker, Germany) was employed to characterize the crys-
tal phases of the Ti6Al4V and laser irradiated surfaces. The surface
hardness of the Ti6Al4V and laser irradiated surfaces was mea-
sured via a nanoindentation (DUH-211S, SHIMADZU, Japan)
equipped with a pyramidal diamond indenter with an angle of
115° between the ridge and face (TOKYO DIAMOND Tools MFG.
Co., Ltd., Japan). The maximum indentation load and loading rate
were 100 mN and 10 mN/s respectively. The scratch tests were
performed by using a self-made piezoelectric driven scratch instru-

Fig. 2. SEM morphologies of the multi-line scanned regions obtained under various overlap rates (P = 1.48 W, v = 10 mm/s, f = 700 kHz): (a) r = 88.3 %, (c) r = 76.6 %, and (e)
r=64.3 %. (b), (d), and (f) are the local enlarged images of Fig. 2(a), (c), and (e), respectively.
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ment equipped with a diamond Vickers indenter. The scratching
load was 100 mN and the scratching speed was 20 pmy/s. After laser
irradiation, the samples were immersed into 1H,1H,2H,2H-Perfluor
ooctyltriethoxysilane-ethanol solution with a concentration of
1 wt% for 1 h, followed by drying at room temperature for
30 min. Before and after chemical modification, the wettability of
the polished and irradiated surfaces was evaluated by measuring
the contact angle using a contact angle measuring instrument
(OAS60, NBSI, China).

3. Results and discussion
3.1. Formation and evolution of the nanoporous structures

Fig. 1 shows the SEM morphologies of single-line scanned
regions obtained under various laser powers. The employed laser
scanning speed and repetition frequency are 10 mm/s and
700 kHz, respectively. As shown in Fig. 1(a), when the laser power
is 1.35 W, some irregular tentacles-like structures appear in the
laser irradiated region of the Ti6Al4V surface. From the enlarged
image, the ligament length of the generated tentacles-like struc-
tures ranges from tens to hundreds of nanometers. As shown in
Fig. 1(b) and (c), when increasing the laser power to 1.48 W and
1.61 W, some irregular nanoporous structures with various shapes
and sizes are generated near the center of the scanning line, and
the tentacles-like structures could also be observed on the two
sides of the scanning line. Furthermore, from the two sides to the
center of the scanning line, the tentacles-like structures gradually
evolve into nanoporous structures, which suggests that the nano-
porous structures could be formed by the interconnection of
tentacles-like structures. This could be explained by the Gaussian
distribution of laser energy. The tentacles-like structures are
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formed on the two sides where the laser energy is low, and the
nanoporous structures are generated near the central region where
the laser energy is high. As shown in Fig. 1(d), when further
increasing the laser power to 1.75 W, the nanoporous structures
could still be formed, but the pore size decreases, which may be
due to the continuous generation of tentacles-like structures with
the increase in laser power. The experimental results in Fig. 1 indi-
cate that the nanoporous structures are formed by the intercon-
nection of tentacles-like structures, and their morphology
strongly depends on the laser energy.

By single-line laser scanning, the nanoporous structures have
been successfully fabricated on the Ti6Al4V surface. However, for
practical engineering applications, large-area fabrication of the
regular nanoporous structures is required. Therefore, the compar-
ative experiments of multi-line laser scanning are further per-
formed to investigate the formation and evolution of large-area
nanoporous structures. Fig. 2 presents the SEM morphologies of
the multi-line scanned regions obtained under various laser over-
lap rates. The applied laser power, scanning speed, and repetition
frequency are 1.48 W, 10 mm/s, and 700 kHz, respectively. As
shown in Fig. 2, when decreasing the laser overlap rate, the pore
size and porosity of the nanoporous structures gradually increase.
Additionally, when the laser overlap rate reduces to 64.3 %, some
defects appear, leading to the irregularity of the nanoporous struc-
tures. This could be due to the unstable connection produced by
the weakened generation of tentacles-like structures when a rela-
tively low laser energy is presented in the junction of the adjacent
laser scanning lines.

Fig. 3 presents the SEM morphologies of the multi-line scanned
regions obtained under various scanning speeds. The applied laser
power, repetition frequency, and overlap rate are 1.48 W, 700 kHz,
and 76.6 %, respectively. Compared to the morphologies shown in
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Fig. 3. SEM morphologies of the multi-line scanned regions obtained under various scanning speeds (P = 1.48 W, f= 700 kHz, r = 76.6 %): (a) v="5 mm/s, (c) v =15 mm/s. (b)

and (d) are the local enlarged images of Fig. 3(a) and (c), respectively.
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Fig. 4. SEM morphologies of the multi-line scanned regions obtained under various repetition frequencies (P = 1.48 W, v =10 mm/s, r = 76.6 %): (a) 500 kHz, (c) 600 kHz, (e)
800 kHz, and (g) 900 kHz. (b), (d), (f), and (h) are the local enlarged images of Fig. 4(a), (c), (e), and (g), respectively.

Fig. 2(c) and (d), when the scanning speed reduces to 5 mm/s, the
pore size and porosity of the nanoporous structures are drastically
reduced in Fig. 3(a) and (b). However, as shown in Fig. 3(c) and (d),
when increasing the scanning speed to 15 mm/s, the pore size and

porosity of the nanoporous structures increase significantly. The
above experimental results indicate that the scanning speed has
a great influence on the surface features (pore size and porosity)
of the nanoporous structures. Moreover, the nanoporous structures
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Fig. 5. SEM morphologies of two well-defined nanoporous structures with different porosities obtained under the applied laser parameters: (a) P = 1.48 W, v = 10 mm/s,
r=76.6%,f=700kHz, and (d) P=1.48 W, v =15 mm/s, r = 76.6 %, f = 700 kHz. (b, e) and (c, f) show the binarized images and the local enlarged images of Fig. 5(a) and (d),
respectively.
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Fig. 6. (a) and (b) The percent of the pore area distribution of the nanoporous structures shown in Fig. 5(b) and (e). (c) The porosity varying with different laser parameters.

with similar surface features to those shown in Fig. 2(e) and (f) are
formed in Fig. 3(c) and (d), but they have fewer defects. With the
increase in the laser scanning speed, the laser energy is gradually
weakened, but the laser overlap rate keeps constant. So, fewer

defects appear at the junction of adjacent scanning lines compared
to those shown in Fig. 2(e) and (f).

Fig. 4 presents the SEM morphologies of the multi-line scanned
regions obtained under various repetition frequencies. The applied
laser power, scanning speed, and overlap rate are 1.48 W, 10 mm/s,
and 76.6 %, respectively. At a relatively low repetition frequency of
500 kHz, the nanoporous structures could not be clearly distin-
guished due to the relatively small pore size and porosity. Besides,
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Fig. 7. SEM morphologies and the corresponding EDS element mappings obtained under various scanning speeds (P = 1.48 W, r = 76.6 %, f = 700 kHz): (a) 10 mm/s and (b)

15 mm/s.

some tiny cracks appear on the surface with the nanoporous struc-
tures. When increasing the repetition frequency to 600 ~ 800 kHz,
well-defined nanoporous structures could be generated as shown
in Fig. 4(c)-(f), and the porosity increases with the increase of rep-
etition frequency. As shown in Fig. 4(g) and (h), when the repeti-
tion frequency reaches 900 kHz, the nanoporous structures are
replaced by the tentacles-like structures. The difference in surface
features of the nanoporous structures obtained under various rep-
etition frequencies could be due to the change of pulse energy (E),
which can be expressed as

E 7 (1)
where P is the average laser power. When the average laser power
keeps unchanged, the pulse energy decreases with the increase of
repetition frequency, leading to the difference in surface features
of the nanoporous structures [31].

The above experimental results suggest that the porosity of
nanoporous structures could be easily tuned by changing the laser
parameters, and two well-defined nanoporous structures with dif-
ferent porosities are selected for further investigation. Fig. 5(a) and
(b) present the corresponding SEM morphologies of nanoporous
structures, one with a low porosity obtained under the laser

parameters (P = 1.48 W, v = 10 mm/s, r = 76.6 %, f = 700 kHz)
and the other with a high porosity obtained under the laser param-
eters (P =1.48 W, v =15 mm/s, r = 76.6 %, f = 700 kHz). From the
enlarged images in Fig. 5(c) and (f), the pore size of two typical
nanoporous structures is quite different, which may be the main
reason for the change in porosity. To facilitate quantitative charac-
terization of nanoporous structures, the SEM images are converted
into binarized images by the Image] software, and the results are
presented in Fig. 5(b) and (e).

By analyzing the binarized images in Fig. 5(b) and (e), Fig. 6(a)
and (b) present the percent of the pore area distribution of the
nanoporous structures. It is clearly seen that the pore area distribu-
tion of nanoporous structures with low porosity (34.67 %) is mainly
concentrated in 0 ~ 0.1 um?; while for the nanoporous structures
with high porosity (45.61 %), the pore area distribution is mainly
concentrated in 0 ~ 0.3 pm?. This further indicates that the change
in porosity is mainly related to the pore size. Fig. 6(c) shows the
porosity varying with the laser overlap rate, repetition frequency,
and scanning speed. Among these three laser parameters, the scan-
ning speed has the most significant effect on the porosity of nano-
porous structures, followed by the overlap rate. In the range of
600 ~ 800 kHz, the effect of repetition frequency on porosity is
very weak.
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Fig. 8. XRD patterns of the Ti6Al4V surface and the laser irradiated surfaces
obtained under various scanning speeds (P = 1.48 W, r = 76.6 %, f = 700 kHz).

3.2. Chemical composition of the nanoporous structures

To verify whether the formation of nanoporous structures is
related to the surface chemistry, the EDS mapping and XRD analy-
sis are performed for investigating the chemical composition after
laser irradiation. Fig. 7 presents the SEM morphologies and the cor-
responding EDS element mappings obtained under various scan-
ning speeds. It is noted that element N is newly introduced into
the surface with nanoporous structures after laser irradiation. Fur-
thermore, the distribution of element N matches the location of the
nanoporous structures, which suggests that the element N is asso-
ciated with the formation of nanoporous structures. However, the
distribution of elements Ti, Al, and V is uniform for nanoporous

Ti6Al4V

(c)

Hardness (GPa)
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Fig. 10. The COF curves of the Ti6Al4V surface, as well as the surfaces with
nanoporous structures obtained under different laser scanning speeds (P = 1.48 W,

r=76.6%,f=700kHz): v=10 mm/s and v = 15 mm/s. The scratch load is kept to 100
mN.

structures with different porosities. The results of XRD analysis
are shown in Fig. 8. When the scanning speed is 15 mm/s, the irra-
diated surface exhibits almost the same XRD pattern as the
Ti6Al4V surface. When the scanning speed reduces to 10 mm/s,
the slight crystalline peaks of the TiN phase could be identified
in the XRD pattern of the irradiated surface, indicating the genera-
tion of the TiN phase.

By the experimental results and analysis, the onset of nanopor-
ous structures is essentially initiated by the interconnection of
tentacles-like structures. And these irregular tentacles-like struc-

Ti6Al4V

v=10mm/s v=15 mm/s

case

(d)

Fig. 9. SEM morphologies of the residual indents on (a) the Ti6Al4V surface, as well as the surfaces with nanoporous structures obtained under different laser scanning speeds
(P=1.48 W, r=76.6%, f=700 kHz): (b) v=10 mm/s and (c) v = 15 mm/s. (d) The distribution of surface hardness corresponding to the residual indents shown in Fig. 9(a), (b),

and (c). The indentation load is kept to 100 mN.



C. Wang, H. Huang, Z. Zhang et al.

tures are also a kind of nanostructures, and their morphology is
affected by laser parameters. According to some previous studies
[33-35], the generation of nanostructures relies on the sponta-
neous behavior during laser-material interaction, which is gener-
ally explained by a self-assembly mechanism involving
Marangoni instability and rarefaction wave in shallow melting
layer. On the other hand, similar nanoporous structures are not
observed in the comparative experiments under argon and ambi-
ent atmospheres. Therefore, the introduction of the element N
may induce the self-assembly behavior of the irradiated surface,
leading to the generation of tentacles-like structures, which subse-
quently evolve into the nanoporous structures.

3.3. Performance characterization of the nanoporous structures

According to the above experimental results, the micro-
mechanical properties and wettability of two typical nanoporous
structures with different porosities are further characterized. The

Ti6A14V

Debris
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SEM morphologies of residual indents obtained on the Ti6AI4V sur-
face and the surfaces with nanoporous structures are presented in
Fig. 9(a), (b), and (c), respectively. The small deformation region
could be observed around the residual indent of the Ti6AI4V sur-
face, and the residual indents of nanoporous structures present a
uniform topographical feature. The corresponding distribution of
surface hardness is illustrated in Fig. 9(d). In general, the surface
hardness of bulk material would decrease due to the increase of
surface porosity, but for the surface with nanoporous structures
here, the surface hardness is almost the same as that of the original
Ti6Al4V surface (~3.6 GPa). On the one hand, EDS and XRD results
demonstrate that laser nitriding (i.e. the introduction of element N
and the formation of hard phase TiN) has occurred, which could
weaken the reduction of surface hardness induced by porous struc-
tures. On the other hand, as the nanoporous structures have unique
nanoscale features, they would possess some unique mechanical
properties due to the size effect [36-39]. This may also lead to
the increase of surface hardness.

Ti6Al4V

Fig. 11. The SEM morphologies of the residual scratches obtained on (a) and (b) the original Ti6Al4V surface, as well as the surfaces with nanoporous structures obtained
under different laser scanning speeds (P = 1.48 W, r = 76.6 %, f = 700 kHz): (c) and (d) v = 10 mm/s, (e) and (f) v = 15 mm/s. The scratch load is kept to 100 mN.

9



C. Wang, H. Huang, Z. Zhang et al.

To investigate the effects of nanoporous structures on tribolog-
ical performance, scratch tests are performed on the Ti6Al4V sur-
face as well as the surfaces with nanoporous structures. The
coefficient of friction (COF), defined by the ratio of the tangential
force to the normal force, is used to evaluate the tribological per-
formance of the surface. Fig. 10 shows the COF curves. It is clearly
seen that the COFs of the surfaces with nanoporous structures are
smaller than that of the Ti6Al4V surface. Furthermore, for the
nanoporous structures with different porosities, their COFs are
almost the same, which may be related to the similar surface mor-
phologies and surface hardness. The corresponding SEM morpholo-
gies of the residual scratches are presented in Fig. 11. For the
original Ti6Al4V surface as shown in Fig. 11(a) and (b), the regular
ripples could be observed on the inner surface of the residual
scratch, and some debris appear around the two sides of the resid-
ual scratch. The inner ripples are caused by the intrinsic backward
motion of the stick-slip piezoelectric actuator in the scratch instru-
ment [40]. The debris around scratches is formed by the plastic
deformation of Ti6Al4V material due to the extrusion during the
scratching [41,42]. Being quite different from these features, for
the surfaces with nanoporous structures, no debris appears around
the two sides of residual scratches, and only slight ripples could be
observed on the inner surface. This indicates that the nanoporous
structures could improve the tribological characteristics of the
Ti6Al4V surface. The experimental results show that under the
same scratch load, the tangential force of the surface with nano-
porous structures decreases, weakening the plastic deformation
of Ti6Al4V material. Besides, some previous studies [43,44]

Ti6A14V

Unit: pm
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showed that the nanoporous structures would exhibit good ductil-
ity in the micro-state and possess excellent strength due to the
unique stress distribution caused by the circular pore shape under
compression. As a result, the surfaces with nanoporous structures
exhibit better tribological characteristics during scratching, with
inhibited debris and ripples.

Fig. 12(a), (b), and (c) present the three-dimensional (3D)
topographies of the residual scratches corresponding to Fig. 11.
The profiles of the cross-sections are illustrated in Fig. 12(d). For
the surfaces with nanoporous structures, the depth of the residual
scratches and the height of accumulation around the two sides are
obviously smaller than those of the original Ti6Al4V surface. The
difference in depth and height is 0.17 pum and 0.34 pm, respec-
tively. This further proves the positive effect of nanoporous struc-
tures during scratching. The EDS mappings of the residual
scratches corresponding to Fig. 11 are presented in Fig. 13. The ele-
mental content of the nanoporous material before and after
scratching is listed in Table 2. For the surface of nanoporous mate-
rial obtained under different scanning speeds, the content of all
elements is not changed before and after scratching, which indi-
cates that the nanoporous structures are destroyed but not
removed under the scratch load of 100 mN.

Some previous studies [45,46] demonstrated that surface tex-
tures could significantly tune the wettability of the material sur-
face. Therefore, the contact angles of the surface with
nanoporous structures (P = 1.48 W, v = 15 mm/s, r = 76.6 %,
f =700 kHz) are measured for evaluating the wettability, and the
corresponding experimental results are shown in Fig. 14. The con-

v=10mm/s y

1.49
0.74
64

Unit: pm

(9]
wn
L
L

v
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|
|

0 . ” . . .
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Fig. 12. 3D topographies of the residual scratches obtained on (a) the Ti6Al4V surface and the surfaces with nanoporous structures obtained under different laser scanning
speeds (P=1.48 W, r=76.6 %, f= 700 kHz): (b) v=10 mm/s and (c) v =15 mmy/s. (d) Profiles of the cross-sections marked in Fig. 12(a)-(c). The scratch load is kept to 100 mN.
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Fig. 13. The EDS mappings of the residual scratches corresponding to (a) Fig. 11(d), and (b) Fig. 11(f).

Table 2
Elemental content of the nanoporous material before and after scratching in Fig. 13.
Laser parameter Region Ti (at.%) Al (at.%) V (at.%) N (at.%)
v =10 mm/s before scratching 60.7 £ 0.20 6.4+0.17 2.4 +0.05 30.5 + 0.05
after scratching 60.5 + 0.18 6.5+0.18 2.5 +0.07 30.6 £ 0.21
v =15 mm/s before scratching 60.6 + 0.20 6.6 £0.17 2.4 +0.05 304 + 0.05
after scratching 60.0 +0.18 6.6 £ 0.18 2.5 +0.07 309 +0.21
Ti6Al4V surface 62° The surface with 500

(a)
Ti6Al4V surface
after chemical modification

95°

(c)

nanoporous structures

b
The surface with (®)

nanoporous structures
after chemical modificatio

(d)

Fig. 14. Contact angles of (a) the polished Ti6Al4V surface, (b) the surface with nanoporous structures, (c) the polished Ti6Al4V surface after chemical modification, and (d)

the surface with nanoporous structures after chemical modification.

tact angle of the polished Ti6Al4V surface is about 62°, and the sur-
face with nanoporous structures shows a contact angle of 52°, indi-
cating that the nanoporous structures slightly increase the
hydrophilicity. After chemical modification, the contact angles of
the Ti6Al4V surface and the surface with nanoporous structures
are 95° and 137°, respectively. Compared to the Ti6Al4V surface,
the hydrophobicity of the surface with nanoporous structures after
chemical modification is significantly increased. It should be
pointed out that when the porosity is changed in the range of

11

35 % to 45 %, the surface with nanoporous structures shows the
almost same wetting behavior due to the similar morphological
features.

4. Conclusions

In summary, by nanosecond pulse laser irradiation in nitrogen
atmosphere, the formation of nanoporous structures on the
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Ti6Al4V surface was observed. The effects of laser irradiation
parameters on their formation and evolution were investigated
in detail, followed by characterizing their micro-mechanical prop-
erties and wettability. By experiments and analysis, the following
conclusions could be obtained.

(1) By nanosecond pulse laser irradiation in nitrogen atmo-
sphere, the well-defined nanoporous structures could be produced
on the Ti6Al4V surface, and their porosity can be easily tuned by
changing the laser parameters.

(2) Compared to the original Ti6Al4V surface, the surfaces with
nanoporous structures exhibited similar surface hardness but
superior tribological performance, which was related to the intro-
duction of the TiN phase as well as the intrinsic properties of
nanoscale structures.

(3) The formed nanoporous structures could tune the wettabil-
ity of the Ti6AI4V surface.

This study provides an alternative method for fabricating nano-
porous structures on the Ti6Al4V surface via laser processing. This
method has the advantages of simple equipment requirements,
easy operation, good repeatability, and no pollution, which is
expected to be used for pilot scale-up production of nanoporous
materials on the titanium alloy.
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