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ARTICLE INFO ABSTRACT

Keywords: Superhydrophobic and superhydrophilic surfaces are attracting significant attention in funda-
N_ﬂﬂosec"“d laser mental and applied research. This study fabricated the micro/nanostructure with a Q-switched
Ti-6Al-4v d surf nanosecond pulsed laser on the Ti-6A1-4V surface. Three laser-generated surface topographies on
]é?:;-li&;::: surtace titanium were produced based on three different pitch sizes (51 pm, 34 pm, and 29 pm). The laser

textured surfaces (LTS) were studied in terms of both structure evolution and chemical compo-
sition using Field Emission Scanning Electron Microscopy (FE-SEM), Optical Microscopy (OM),
Confocal Laser Scanning Microscopy (CLSM), Raman Spectroscopy, and X-ray Diffractometer
(XRD). 29 pm pitch displayed the lowest water contact angle of 18.5° and surface roughness of
0.5 pm. This structure was further treated with cyclohexane at different temperatures. The best
sample reached superhydrophobicity with a maximum water contact angle of 155.1° immediately
after being treated with cyclohexane at the low temperature of 70 °C for 2 h, while the raw
surface, for comparison, showed no change in hydrophobicity after being treated with cyclo-
hexane under the same condition. Thus showing clear evidence of a combined effect between LTS
and post-treatment. The surface features were assessed to explain the underlying process.

Superhydrophobic surface

1. Introduction

Titanium alloys, specifically Ti-6Al-4V, are currently one of the most desirable metals for medical devices. Ti-6Al-4V is used in
implant devices, such as prosthetic hips and knees, bone plates, artificial hearts, pacemakers, connectors for fracture fixation, and
cardiac valve prostheses [1]. However, in practice, pathogenic microbes, including Staphylococcus aureus, Escherichia coli, and
Pseudomonas aeruginosa, can potentially attach to these medical devices. This attachment can lead to severe infections and potentially
fatal outcomes, as well as increased healthcare expenditures [2]. In recent years, surface topography manipulation has played a larger
role in controlling microbial and cellular attachment on different material surfaces. For instance, the generation of micro- or nanoscale
features on the surfaces can enhance antibacterial properties by preventing bacterial adhesion and/or killing/inactivating adherent
bacteria altogether [3]. On the other hand, certain micro/nanoscale surface features can enhance cellular development and prolif-
eration [4]. Gotfredsen et al. [5] compared the surface characteristics of titanium implants to induce a bone reaction. The results
indicated that plasma-sprayed titanium manifested more significant surface irregularity than machined titanium. Grizon et al. [6] also
studied the effect of varied surface roughness on Ti implants, showing that the bone reaction was higher on the coarser surface than on
the smooth surface.

Similarly, various studies have investigated the relationship between surface hydrophobicity and bacterial attachment. Some have
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reported that the number of adhered bacteria decreases significantly as the surface hydrophobicity increases, and bacteria affixed to
hydrophobic materials are also more easily removed by an air-bubble jet or increased flow [7-9]. Looking beyond simple hydro-
phobicity, superhydrophobic surfaces, which mimic shark skins and lotus leaves in nature, have shown high potential as tools to
prevent the attachment of microorganisms [10-12]. Additionally, there has been a significant increase in interest in the various special
characteristics of superhydrophobic surfaces, such as self-cleaning, corrosion protection, and anti-icing [13]. There are three main
approaches to creating superhydrophobic surfaces. The first approach is to physically change the surface roughness [14], the second
approach involves altering the chemical composition of the surface to reduce the surface energy, and the third approach utilizes both
physical and chemical alterations [15].

Many studies have used laser processing to generate hierarchical structures at the micro and nanoscale [16]. This technique has
successfully utilized various laser sources, encompassing a diverse array of wavelength, pulse duration, energy, and frequency com-
binations [17]. The implementation of nanosecond laser machining has demonstrated its potential as a promising and economically
viable approach for surface texturing to obtain hydrophilic and/superhydrophobic metal structures, in contrast to femtosecond or
picosecond lasers, which are much more cost-prohibitive [18,19]. The application of nanosecond laser technology has even become
increasingly common in the production of surface, precise micro and nanostructures, such as nanopillars and microgrooves inde-
pendent from substrates [20], that exhibit strong hydrophobic properties and durable micro-roughness [14,21,22].

However, the hydrophilicity of laser-textured surface (LTS) on Ti-6Al-4V cannot change to a superhydrophobic level immediately
after laser processing as demonstrated by D. Huerta-Murillo et al. [23] where the fabricated multi-scale periodic surface textures on
Ti-6Al-4V has the water contact angle increased from 67 + 2° on the raw surface to 91 + 3° on LTS. Deepak Patil et al. [24] also
fabricated a pit structure on Ti-6Al-4V by a nanosecond laser (Nd: YAG) and the results showed the hydrophobicity increased from 63°
water contact angle on the raw surface to approximately 140° after a natural aging period in ambient environment of 20 days. To
overcome this limit, LTS in combination with other treatments is required to produce superhydrophobic surfaces within a short time
window.

Fast fabrication of superhydrophobic titanium surfaces can be achieved by first roughening the surface and then covering it with
chemical compounds that have low surface energy [29-32]. Normally, a wide range of silane coupling agents were employed by the
majority of researchers [33,34], stearic acid, flurosilane [35], polysilazane [18], and perhydropolysilazane (PHPS) [15] as low surface
free energy modifiers. However, these low surface energy modifiers have certain shortcomings, such as being expensive, toxic, and
unstable, limiting their real-life application. Rajab et al. [29] produced a superhydrophobic surface (150.48°~160°) on Ti-6Al-4V by
combining macro/micro/nanostructure produced by picosecond laser and then soaked the LTS into fluoroalkysilane (FAS) for 2 h.
Yuxin Wang et al. [28] produced a superhydrophobic surface on TC4 alloy by treated LTS with anodizing and FAS-assisted low--
temperature annealing of 150 °C for 20 min. Zheng et al. [32] fabricated a superhydrophobic surface using a picosecond laser and
treated it with chemical fluorination. As shown in Table 1, many researchers use nanosecond lasers at 1064 nm and chemical modifiers
to produce a superhydrophobic Ti-6Al-4V surface.

Motivated by the earlier ideas, this study generated LTS on Ti-6Al-4V by Q-switched nanosecond laser. The high wall-plug effi-
ciency of the Nd:YAG nanosecond pulse laser operating at the chosen wavelength of 1064 nm, its fundamental wavelength, also makes
it suitable for various uses, including large-scale production [36].

After laser texturing, this work used cyclohexane as an alternative chemical modifier to produce a superhydrophobic Ti-6Al1-4V
surface. Cyclohexane (C¢Hi2) as a chemical modifier is a solute exhibiting hydrophobic properties [37]. Hydrophobicity or super-
hydrophobicity can be achieved by employing cyclohexane as a coating layer. However, the information is still limited. Ying Ma et al.
[38] produced a superhydrophobic surface on PMMA with cyclohexane-assisted low-temperature annealing at 70 °C for 20 min. The
water contact angle (CA) of raw PMMA was 67.8 + 1.4°. The water contact angle increased to 164.3 + 3.9° on the raw surface after

Table 1
Summary of laser-textured surfaces on titanium using nanosecond laser at 1064 nm.
Materials  Year (ref) Original Patterns Post-processing (Chemical modifiers or additional Processing Max WCA
WCA (°) treatments) duration (h) ©)
Pure Ti 2016 77.8 Line 720 h 157.2
[25]

Ti-6Al- 2017 67 + 2 p-cell - No information 91.3
4v [23]

Ti-6Al- 2018 63 Pit Annealing at the temperature of 300 °C in a 2h 162
4v [24] microprocessor-based-temperature controlled furnace

Ti-6Al- 2018 - Micro/nanoscale Organic polysilazane, KH570, isopropanol, and nano- 7 h 40 min 164.1 (1
4V [18] hierarchical structure sized zinc oxide particles h) 157

(>1h)

Ti-6Al- 2020 77 Grid Surface texturing in ethanol and then low annealing ata 4 h (Annealing 154.9
4V [26] temperature of 150 °C Process)

Ti-6Al- 2022 62 Nanoporous 1H,1H,2H,2H-Perfluor ooctyltriethoxysilane-ethanol 1h 137
4V [27] solution

Ti-6Al- 2022 72 Grid Anodizing, Fluorosilane, 1H, 1H, 2H, 2H-Perfluorode- 1h 158
4V [28] cyltrimethoxysilan, H3PO4, HoC204, and NaF

Ti-6Al- 2024 100.3 +£9.5  Micro/nanoscale Cyclohexane- assisted low temperature annealing of 2h 155.1
4V (This hierarchical structure 70 °C

work)
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being treated with warm cyclohexane. Lu Gong et al. [39] used cyclohexane to increase silicon substrate hydrophobicity via
surface-initiated emulsion polymerization. The water contact angle on the silicon substrate increased from 80.9° to 123.7°. Cyclo-
hexane exhibits a comparatively low level of toxicity and does not elicit detrimental effects on the bloodstream, unlike benzene [40].
Cyclohexane has a melting temperature of 6.47 °C and a boiling temperature of 80.7 °C and is already predominantly encountered by
the general populace via ambient air intake, owing to its widespread occurrence in gasoline vapors, volcanic emissions, plant volatiles,
and cigarette smoke. The urinary system divides and eliminates a small fraction of the substance. The metabolites of cyclohexane
undergo conjugation, predominantly with glucuronides and potentially with sulfates, and are subsequently eliminated through urinary
excretion [41,42]. This work applied three different pitch sizes to fabricate LTS on Ti-6Al-4V surfaces. The most hydrophilic sample
was chosen as a sample treated with cyclohexane at various temperatures. This technique can immediately produce a super-
hydrophobic Ti-6Al-4V surface in the following sections by subjecting LTS to a low cyclohexane temperature. This strategy offers the
possibility of a future technique for generating superhydrophobic Ti-6A1-4V surfaces.

2. Materials and methods
2.1. Materials and laser processing preparations

The Ti-6Al-4V sheet with a thickness of 0.5 mm was ordered from Jianghehai and Steel Group Co., Ltd. The chemical compositions
(wt%) of Ti-6A1-4V as shown in Table 2 was obtained from the quality certificate provided by Jianghehai and Steel Group Co., Ltd. The
Ti-6Al-4V sheet was cut into dimensions of 3 mm x 3 mm. These plates were conditioned by mechanical polishing to an initial surface
roughness (S,) of 0.28 pm and S; at 3.88 + 0.12 pm. Subsequently, the samples were ultrasonically cleaned in ethanol for 30 min and
later in deionized water for 30 min. After washing, the samples were dried by blowing air over the samples.

The laser used was a Nd:YAG 1064-nm infrared nanoseconds pulsed laser, manufactured by Changchun New Industries Opto-
electronics Tech. CO., Ltd, China. The polished samples were ablated using a Q-switched Nd:YAG laser 1064 nm with specific pa-
rameters, as shown in Table 3. The laser had a focusing lens with a diameter of 25.4 mm and operated at a repetition rate of 10 Hz. Each
pulse had an energy of 4.7 mJ and a duration of 10.7 ns.

The laser beam was focused to a spot diameter of 56 pm in air without assist gas. The distance between the laser and the sample
measured 262 cm. The scanning was performed using the parallel line regime. The different pitch sizes were used as laser processing
parameters to fabricate LTS on Ti-6Al-4V surfaces. The samples labeled “P29” were processed using laser parameters of 29 pm pitch
size while a pitch size of 34 pm was used for the samples labeled “P34” and a pitch size of 51 pm was used in the case of the samples
labeled “P51”. Fig. 1(a) illustrates a schematic image of the nanosecond pulsed laser system. The laser setup used two output couplers
(0OC) and five folding mirrors (M). The scanning was conducted using computer-controlled XYZ equipment. THORLABS offers a stage
equipped with a piezo inertia drive. The laser beam was directed towards the titanium alloy sheets on the production system. Fig. 1(b)
depicts a schematic image of the scanning design.

2.2. Post-processing

Following laser processing, P29 samples were not subjected to any cleaning treatment before post-processing. P29 samples were
immediately soaked in 20 mL of cyclohexane in a glass beaker. The samples were then heated on a hot plate for 2 h at various
temperatures of cyclohexane under normal environmental conditions. “P29"-labeled for P29 without cyclohexane treatment. The P29
samples were labeled as “P29-C70” for P29 treated with cyclohexane at a temperature of 70 °C. P29 was subjected to cyclohexane at a
temperature of 300 °C and afterward labeled as “P29-C300”. After that, P29-C70 and P29-C300 were subsequently dried at room
temperature for 12 h.

2.3. Surface characterization

The surface morphology and surface composition of the laser-textured surface were analyzed using Field Emission Scanning
Electron Microscopy (FE-SEM), Optical Microscopy (OM), Confocal Laser Scanning Microscopy (CLSM), Raman Spectroscopy, and X-
ray Diffractometer (XRD). An accelerating voltage of 10 kV was utilized for the HITACHI SU8010 FE-SEM. Motic OM was used to
analyze the microstructure of the samples. LEXT CLSM from OLYMPUS determines the substratum macro and micro surfaces. The
LEXT analyzer software was used for measure control and data analysis. A Raman spectroscopic analysis was conducted using a Horiba
Raman Microscope equipped with a 532 nm laser. The samples underwent analysis using the 50 x objective with a duration of exposure
of 10 s, and a total of 10 accumulations were captured. In this experiment, phase composition and crystalline size were analyzed using
Bruker D2 phaser XRD under the following conditions: a time/step ratio of 0.8, 3001 steps, and 2508 s.

The sessile drop technique measured the wettability on the sample’s surface. Deionized (DI) water with a droplet volume of

Table 2
Chemical compositions (wt%) of Ti-6Al-4V.

Element Ti Al v Fe o C N H Y

Composition in wt(%) 89 6.18 4.25 0.3 0.2 0.08 0.05 0.015 0.005
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Table 3

Parameters of laser processing for samples studied in this work.
Parameters P29 P34 P51
Energy (mJ/pulse) 4.7 4.7 4.7
Scanning Speed (cms ™) 0.015 0.016 0.041
Repetition Rate (Hz) 10 10 10
Pitch (um) 29 34 51

& Energy dump (b) Start point

Nd:YAG laser irror Pitch
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Fig. 1. Schematic diagram of (a) nanosecond pulsed laser system and (b) scanning directions.
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approximately 4 pl was used in this technique. A syringe was used to inject DI water onto the sample surface, followed by capturing a
picture using a SANYO VCC-5755P camera. The contact angle of the water droplet was measured three times to obtain an average
value. The contact angle was calculated by examining the droplet image via ImageJ software.

3. Results and discussions
3.1. Analysis of laser-textured Ti-6Al-4V surfaces

3.1.1. Single laser spot analysis

The confocal laser scanning microscopy (CLSM) images and the corresponding profile are shown in Fig. 2. The average diameter
and total height of the ablation spots, measured from the top layer to the valley bottom, are 53.3 + 4.5 pm and 9.6 + 2.3 pm,
respectively. It was observed that the ablation spot diameter was smaller than the design diameter of 56 pm. Nanosecond laser
texturing results in a microscale recast layer after ablation, as shown in Fig. 2(c). This microscale recast layer is produced from
resolidified metal molten and redeposition of nanoparticles along the edge.

3.1.2. Effects of laser parameters on surface morphology

Fig. 3 shows images of Ti-6Al-4V surfaces before and after laser texturing. The initial Ti-raw surface shows scratches from the
mechanical polishing process, which are eliminated following laser texturing, resulting in distinct surface topography. Diverse surface
textures on the Ti-6Al-4V surface after laser texturing are created by reducing pitch size and scanning speed from a pitch size of 51 pm
with a scanning speed of 0.041 cms ™! to a pitch size of 29 pm with a scanning speed of 0.015 cms™'. The valley width (V,,) on LTS
decreased from 29.5 + 4 pm at P51 to 20.9 + 3 pm at P34 and 18 + 2.3 pm at P29, as shown in Fig. 3(j). The total height (S,) increased
from 4.4 + 0.2 pm (P51) to 5.5 + 0.4 pm (P34) and 6.4 + 0.3 pm (P29), as seen in Fig. 3(j). The surface roughness (S,) rose from 0.3 +
0.02 pm at P51 to 0.47 £ 0.02 pm at P34 and 0.5 £+ 0.01 pm at P29, as illustrated in Fig. 3(k). The observed increase in surface
roughness is related to the geometry changes induced by laser texturing. FE-SEM images confirm that surface morphology became
rougher with pitch size reduction to 29 pm, as shown in Fig. 4.

40 60 80 100 120 140
Width (um)

| 40pm o e

Fig. 2. Confocal laser scanning microscopy (CLSM) images of a single ablation spot: (a) 2D images, (b) 3D images, and (c) surface profile.
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Fig. 3. Surface topography observed under FE-SEM and CLSM for different LTS (a, e) Ti-raw, (b, f) P51, (c, g) P34, (d, h) P29, (i) presents the surface
profile from different LTS, (j) compares the valley width (V,,) and height (S,) across the LTS samples, (k) surface roughness (S,) for different LTS.

3.1.3. Chemical composition of laser-textured surface

Figs. 5 and 6 demonstrate the impact of laser processing on the composition and phase of Ti-6Al-4V. The Raman spectra of P51
exhibit rutile peaks at 241 cm !, 427 cm ™, and 610 cm ™. In contrast, the Raman spectra of P34 demonstrate three different types of
TiO,: anatase (A) at 144 cm‘l, rutile (R) at 271 cm ™! and 603 cm'l, and brookite (B) at 403 cm™~'. The Raman spectra of P29 display
anatase peaks at 145 cm ™! and rutile peaks at 241 cm ™!, 422 em ™!, and 605 cm ™!, Among these, the peak intensity of TiO is lowest in
P51 when compared to P34 and P29.

Fig. 6 shows the X-ray diffraction (XRD) phase analysis of the Ti-raw and LTS surfaces. All samples predominantly exhibit a-Ti in the
XRD patterns, corresponding to the JCPDS 00-001-1198 standard. The observed peaks are arranged in a left-to-right sequence cor-
responding to crystals with atomic planes (100), (002), (101), (102), (103), and (112). In all LTS samples, anatase (004) is observed at
varying peak intensities. Nevertheless, the rutile (210) phase is observed exclusively in P34 and P29, with these TiO phases corre-
sponding to JCPDS 75-1537.

3.1.4. Surface color

The color of the LTS observed through optical microscopy (OM) varies depending on the laser parameters applied to the Ti-6Al-4V
surfaces. The LTS shows noticeable color differences between the P29, P34, and P51 surfaces, as seen in Fig. 7. The OM images reveal
that P29 and P34 appear darker than P51, which corresponds with Raman spectra and XRD results, indicating the presence of rutile
phases in P29 and P34.

Fig. 4. Different LTS morphology under FE-SEM at a high magnification of 40.0k: (a) P51, (b) P34, and (c) P29.
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Fig. 5. Raman spectroscopy results of different Ti-6Al-4V surfaces. A represents anatase, R is rutile, and B represents brookite.
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Fig. 6. XRD patterns of differences Ti-6Al-4V surfaces. A represents anatase, and R is rutile.

3.1.5. Wettability

Surface texturing by laser processing significantly altered the hydrophobicity of the Ti-6Al-4V surface, resulting in increased hy-
drophilicity. This transformation is illustrated in Figs. 8 and 9. Hydrophilicity increased significantly from a water contact angle of
100.3 £ 9.5° on the Ti-raw to a water contact angle of 43.9 + 9.6° on the P51 surface. Hydrophilicity further increased with a
reduction in pitch size, with a water contact angle of 22.3 + 2.4° at 34 pm and 18.5 + 5.2° at 29 pm.

Fig. 7. The color surfaces on LTS under optical microscopy:

100 pm

(a) Ti-raw, (b) P51, (c) P34, and (d) P29.



M.B. Haryono et al. Heliyon 10 (2024) 37808

120

100.3

100 +

CA ()

Ti-raw P51 P34 P29
Samples

Fig. 8. The wettability transition after laser processing.

Fig. 9. The water droplet images on different LTS are taken by SANYO VCC-5755P camera: (a) Ti-raw, (b) P51, (c) P34, (d) P29.

3.2. Effects of post-processing

3.2.1. Surface morphology and topography
The surface roughness was characterized using several parameters: Sq represents the root mean square height; the root means

square gradient by Sqq, and the developed interfacial area ratio by Sg,. Surface roughness (S,) increased from 0.28 4 0.00231 pm to 0.5
=+ 0.01 pm after surface texturing, as shown in Fig. 10(a). However, S, decreased to 0.39 + 0.003 pm on P29-C70 and 0.44 + 0.02 pm
on P29-C300. Fig. 10(a) shows that the Sy values have a similar trend to S,. Sq increased from 0.36 = 0.005 pm (Ti-raw) to 0.62 + 0.02

(b) 1.25
[—_5dq
1204 W Sdr

50

1.15
— 1.10
< 1051
o

e
@ 1,00
35

P29 P29-C70  P29-C300
Samples

P29
Samples

Fig. 10. S-values obtained using CLSM for LTS before and after treatment with cyclohexane (a) surface topography measurements on different Ti-
6Al-4V topographies, and (b) Sqq and Sy, results on different Ti-6A1-4V topographies.
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pm (P29) after surface texturing and decreased to 0.49 £ 0 pm (P29-C70) and 0.56 + 0.02 pm (P29-C300). Sgq and Sy, values also
follow the trends of S, and Sq, as shown in Fig. 10(b). Sqq increased from 0.9 + 0.01° to 1.2 & 0.01° after laser texturing, while Sg, rose
from 30.4 + 0.6 % to 49.9 + 0.4 %. After P29 was treated with low-temperature cyclohexane at 70 °C, Sqq and Sg, decreased to 1.1 +
0.01° and 43.3 £ 0.7 %, respectively. When the P29 was treated with cyclohexane at 300 °C, Sqq and Sg, values remained similar to
those of untreated P29, with Sqq of 1.2 4+ 0.01° and Sg, of 49.8 £ 0.55 %.

Sa, S¢> Sdr, and Sqq decreased due to cyclohexane treatment on the LTS. P29-C70 exhibited lower S, Sg, Sar, and Sqq, indicating a
smoother surface compared to P29 and P29-C300, as shown in Fig. 11. However, when the P29 was treated with high-temperature
cyclohexane at 300 °C, the surface exhibited increased roughness compared to P29-C70, with a bigger nanoparticle observed than
those present on untreated P29. These results indicate that the post-processing temperature significantly influences the interaction
between cyclohexane and P29, affecting surface roughness.

3.2.2. Raman spectroscopy

Analysis of the Raman spectra identified four different surface topographies, as shown in Fig. 12. The Raman spectra revealed the
presence of anatase and rutile on LTS samples, both with and without cyclohexane treatment. The Raman peaks corresponding to
anatase (156 cm’l) and rutile (241 cm’l, 422 cm™ Y and 605 cm’l) were observed in P29 samples, including those subjected to surface
texturing by laser. Following cyclohexane-assisted low-temperature annealing of 70 °C (P29-C70), the peaks for anatase and rutile
(605 cm™ ). However, anatase and rutile (605 em™ D) peaks were less distinct on the P29-C300 surface.

3.2.3. Surface color

Treatment of P29 with cyclohexane at different temperatures led to noticeable changes in surface color, as shown in Fig. 13. The
untreated P29 showed a predominantly dark color. In comparison, P29-C70 developed red, while P29-C300 surfaces showed a bright
color.

3.2.4. Wettability

The P29 sample exhibited the lowest CA at 18.5 £ 5.2° in this study. This untreated P29 was labeled as “P29”. After P29 was treated
with cyclohexane at 70 °C resulted in a significant increase in CA to 151.1 + 3.6°, categorizing it as “P29-C70”, as shown in Figs. 14
and 15. In contrast, when P29 was treated with cyclohexane at 300 °C, the CA was similar to untreated P29 at 19 + 2.9° and labeled as
“P29-C300”. The Ti-raw (without laser treatments) was exposed to cyclohexane-assisted low-temperature annealing of 70 °C for 2 h,
resulting in a CA of 104.2 + 8.1°, similar to untreated Ti-raw, and labeled as “Ti-raw-C70”. The Ti-raw in Fig. 14 is the original Ti-6Al-
4V surface before laser processing and without cyclohexane treatments. The results indicate that combining LTS with cyclohexane-
assisted low-temperature annealing of 70 °C can produce a superhydrophobic surface.

Fig. 16 shows the long-term stability of superhydrophobicity on P29-C70 for 67 days. P29-C70 maintained stable super-
hydrophobicity for the initial 9 days. However, after this period, superhydrophobicity on P29-C70 began to degrade. Figs. 16 and 17
show that the superhydrophobicity on P29-C70 dropped to near superhydrophobicity by 26 days and gradually declined to a hy-
drophobicity at 67 days. P29 and P29-C300 transitioned from hydrophilicity to hydrophobicity over time. P29-C300 reached a hy-
drophobicity state more rapidly than P29 but experienced a decline after 6 days. The hydrophobicity of P29-C300 subsequently
increased again after 12 days, reaching the maximum CA of 130.2 £ 9.9° by 67 days. P29 also exhibited a gradual increase in CA,
reaching a maximum of 140.1 + 4.7° at 67 days. P29, P29-C70, and P29-C300 were comparable at 67 days.

3.3. Discussion

3.3.1. Single ablation spot analysis

The fluence of the laser, which is the energy per unit area, plays a crucial role in determining the material’s structure at the laser
focus. This study measured the actual fluence to be 213.9 + 35.3 J/cm?. The textures shown in Fig. 2 are formed through various
processes, including splashing, melting, evaporating, re-solidification, and redeposition. These processes are influenced by variations
in the laser processing zone [30]. The microscale features observed are due to resolidified material accumulation, molten metal’s
evaporation, and recoil pressure around the laser texturing zone [43,44].

Fig. 11. FE-SEM images of laser-textured surfaces Ti-6Al-4V before and after treatment at different cyclohexane temperatures (a) P29, (b) P29-C70,
and (c) P29-C300.
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Fig. 12. Raman spectra of Ti-6Al-4V surfaces with different topographies, following treatment at various cyclohexane temperatures.

Fig. 13. CLSM images of different Ti-6Al-4V color surfaces after cyclohexane treatment: (a) Ti-raw, (b) P29, (b) P29-C70, and (c) P29-C300.
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Fig. 14. Effect of cyclohexane treatment on wettability: (a) wettability measurements on LTS immediately after cyclohexane treatment; and (b)
wettability comparison on Ti-raw surface before and after cyclohexane-assisted low-temperature annealing at 70 °C.
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Fig. 16. The stability of water contact angle immediately after different cyclohexane treatments till 67 days.

Fig. 17. Wettability on 26 days is taken by SANYO VCC-5755P camera: (a) P29, (b) P29-C70, and (c) P29-C300.
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3.3.2. Surface topography and laser processing parameters

Fig. 3 reveals that different surface topographies on Ti-6Al-4V after laser processing are related to variations in pitch sizes and
scanning speeds. These variations affect factors such as beam spot overlapping (BSO), pulse overlapping (PO), total incident laser
energy per unit area (¢,..), and the number of effective pulses per location irradiated on the Ti-6Al-4V surface, as summarized in
Table 4.

Beam spot overlapping increased from 4.3 % to 45.6 % by reducing pitch sizes from 51 pm to 29 pm, then affected the decrease in
Vi from 29.5 + 4 pm to 18 + 2.3 pm. The estimation of beam spot overlapping (BSO) in the perpendicular direction to the scanning
direction can be calculated as follows [45]:

BSO= (1 —M) % 100 )
spot size

The number of effective pulses per location (N) and pulse overlapping affect the S, significantly. The increase in S, value correlated
with the rise in N from 1.3 pulses to 3.6 pulses and pulse overlapping from 23.1 % to 71.9 %. The reduction in scanning speeds from
0.041 cms ! to 0.015 cms ™! enhances N, and pulse overlapping. Increased ablation depth is caused by decreased ablation threshold
and improved absorption conditions brought on by heat buildup [46]. The estimation of pulse overlapping (PO) in the scanning di-
rection and the number of effective pulses per location was conducted by Refs. [45,47]:

N speed
Pulse overlapping (%) (1 repitition rate x spot size) 100 2
. :M X repitition rate 3)
speed

Sample P29 exhibits greater surface roughness, as shown in Fig. 3, which is further confirmed by FE-SEM images, as shown in Fig. 4.
The surface texture of Ti-6Al-4V transitions from slightly grainy to extremely coarse as pitch sizes and scanning speeds are reduced
from a pitch size of 51 pm with a scanning speed of 0.041 cm/s to a pitch size of 29 pm with a scanning speed of 0.015 cm/s. The
increased surface roughness in P29 is related to the slowest scanning speed of 0.015 cm/s with the smallest pitch size of 29 pm,
resulting in the highest total incident laser energy per area of 108.1 J/cm?. According to the findings, Ti-6Al-4V surface texture is
influenced by beam spot and pulse overlapping, which respond to decreased pitch sizes and scanning speed. Enhanced metal surface
melting is attributed to the buildup of laser pulses, whereas the spillage of the molten material is further intensified by the pressure
produced by the substantial beam spot overlap. Upon reentering the surface, the droplets of significant substance and minute particles
resolidified due to the motion of the laser [48,49]. The Ti-6Al-4V surfaces become rougher by reducing pitch sizes and scanning speeds
due to the higher material removal and increased energy input resulting from the acceleration, deceleration, and reversal processes
during the high repetition rate of scanning material processing [46]. The total incident laser energy per unit area can be mathe-
matically represented [46]:

energy

speed x pitch ®

Pace =

3.3.3. Chemical composition of laser-textured surface

Laser processing under an ambient environment affects the surface composition of Ti-6Al-4V, as shown in Fig. 5. High-intensity
laser beams cause changes in surface composition by evaporating hydrogen, oxygen, and other contaminants, leading to the forma-
tion of oxide species [50]. Heat accumulation, which comes from greater specific laser energy input with higher pulse numbers during
laser processing in the ambient environment, creates various TiOy structures with heterogeneous peak intensities [29,51,52]. The
heterogeneous distribution of TiO, peak intensity observed in Raman spectroscopy results can be attributed to three factors. First,
particle size influences Raman intensity, with smaller particles showing lower intensity and increasing particle sizes displaying
increased intensity, then declines when particle sizes are larger [53]. Second, the initial oxide layers caused the particles to adopt a
core-cell configuration, shifting the Raman results depending on the shell thickness and dielectric constant [54-56]. Another factor to
consider is the potential influence of nanoparticles on the molecule’s Raman spectrum. Nanoparticles contribute to selective support,
impacting the molecule’s adsorption and orientation, resulting in diverse outcomes in the Raman spectrum [57]. A material stream
with a strong focus is produced due to the laser beam’s interaction with the target. The stream is commonly discharged towards the
outermost layer of the target and then formed onto suitable substrates placed in front of the target. This stream consists of microscopic
and highly active molecular types considered neutral or ionized within the area of interest. Nonetheless, the characteristics of
deposited particles can vary based on numerous factors, including laser fluence, wavelength, pulse length, scan velocity, target

Table 4
The effect of different pitch sizes and scanning speeds on BSO, PO, N, and ¢,,.
Samples Pitch sizes (um) Scanning speed (cms ') BSO (%) PO (%) N (Pulse) Pace J em?)
P29 29 0.015 45.6 71.9 3.6 108.1
P34 34 0.016 36.2 70 3.3 84.4
P51 51 0.041 4.3 23.1 1.3 22.5
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structure, composition of chemicals, and material temperature [58,59].

Fig. 6 shows Ti-6Al-4V phases changed after surface texturing. Anatase and rutile phases are observed after laser texturing. The Ti-
6Al-4V phase compositions were affected by the high total incidence laser energy per unit area caused by decreased pitch sizes and
scanning speeds. Crystal structuring with a favored growth orientation relies heavily on laser processing, making it a crucial need.
High-energy laser texturing led to an increase in crystallinity, hence inducing the desired orientation. A higher magnitude of the
diffraction signal indicates a larger particle size [60]. The formation of a crystalline fraction occurs within solid materials when solid
materials are irradiated with slightly higher fluence. There are two sections involved in this process. The formation of the crystalline
phase necessitates a significant number of laser pulses. During this initial stage, the incubation period of crystalline nuclei persists. The
growth of nuclei is induced by successive pulses, leading to the development of visibly crystalline regions. This process requires a
higher number of pulses to be initiated. The subsequent crystallization process occurs closer to the beam center and at higher laser
fluence levels. The molten state region’s outer edges can give rise to large crystalline grains as the liquefied material solidifies
following the solidification of its surface [18,61]. High cooling velocities prevent the generation of nuclei [61,62]. However, peak
intensities of aluminum, vanadium, and their associated phases (Al-3V, Al0.5Ti0.5V, and Ti-V) are absent in XRD results before and
after laser texturing. This absence may be attributed to the complexity and non-linear nature of the Ti-6Al-4V phase transformation,
which is influenced by the alloy’s stoichiometry [63]. Commonly, vanadium is typically used as a p-Ti stabilizer, while aluminum acts
as an o-Ti stabilizer, reducing the stability of the p-Ti phase. The concentration of these stabilizers significantly influences the dominant
phase in Ti-6Al-4V alloys. The manufacturing process strongly influences the relative proportions of o-Ti and p-Ti phases, as the
inherent cooling rate is critical in determining the final phase composition [64].

3.3.4. Surface color of Ti-6Al-4V after laser texturing

Fig. 3 illustrates that P51 and P29 exhibit predominantly bright areas, whereas P34 presents a combination of bright and dark
areas. These color differences observed under SEM are attributable to variations in surface composition induced by laser texturing, as
shown in Fig. 5. Brookite and anatase appear darker under SEM, whereas rutile particle displays a bright contrast [65]. Rutile exhibits
higher brightness under SEM than anatase and brookite, attributed to its greater crystal density and smaller band gap energy relative to
the other TiOy polymorphs [66].

Fig. 7 shows different colors on Ti-6Al-4V after laser processing. Ti-6Al-4V has different surface colors after laser processing due to
different surface geometry (surface roughness), the thickness of the oxide, and the formation of optically active nanostructures during
laser processing. These factors cause numerous white light scattering in Ti-6Al-4V surfaces [67]. Rajab et al. [29] explain that the
Ti-6Al1-4V surface exhibits a range of colors resulting from the concentrations of oxidation and nitrogen generated throughout the laser
texturing process. The surface acquires a darker hue due to the rutile phase following the texturing process.

3.3.5. Effect of cyclohexane treatment on surface roughness

Figs. 10 and 11 show that the roughness of P29-C70 surfaces was smoother than that of P29 and P29-C300 surfaces. Surface
roughness is decreased due to ultra-micropores filling with multiple layers of cyclohexane, which is facilitated by cyclohexane-assisted
low-temperature [68]. However, cyclohexane degrades at elevated temperatures [68], resulting in P29-C300 having a surface
roughness similar to that of P29. Additionally, the interaction between TiO; and cyclohexane at different temperatures affects the TiO,
particle size, which results from the reaction between TiO; and cyclohexanol or cyclohexanone [69].

3.3.6. Chemical composition and surface color of LTS following cyclohexane treatment

Fig. 12 shows Raman spectroscopy revealed a prominent TiO5 peak (anatase and rutile) at 605 em ™! for P29-C70, while a weaker
peak for P29-C300 due to the interaction between cyclohexane and TiOy during chemical treatment at different temperatures
cyclohexane. Cyclohexane can oxidize at low temperatures [70] and with O, [71]. Cyclohexane can undergo oxidation, resulting in the
formation of cyclohexanol (-OH), cyclohexanone (=0), and an intermediate compound known as cyclohexyl hydroperoxide [71].
Raman intensity of TiO, (anatase and rutile) decreases on P29-C300 because TiO; can be decomposed when treated at temperatures
higher than 180 °C [72] or cyclohexane-covered TiO2 during chemical treatment. Fig. 13 shows that the color changes on P29
post-treatment are related to surface roughness and different oxidation levels, as shown in Figs. 10 and 12.

3.3.7. Wettability

Fig. 8 shows that hydrophilicity increases as pitch sizes decrease. Laser processing increases the hydrophilicity of Ti-6Al-4V for
several reasons, including removing organic compounds and introducing surface textures that improve surface irregularity and TiOy
content. The exhibiting of oxide surface indicates polar abilities and often generates a hydrophilic surface on Ti-6Al-4V surfaces. Oxide
features on micro/nanostructures enable rapid dispersion of water droplets, promoting their absorption by concave surface features
[32,73-75]. The transition in wettability is also associated with variations in the crystalline plane orientations, which are influenced
by differences in surface energies and densities [60,76,77]. Titanium dioxide is found on LTS with varying intensity levels, as
mentioned in subsection 3.1.3. The titanium dioxide on LTS exhibits hydrophilic/superhydrophilic properties due to its high surface
energy and affinity for water molecules through Ti-OH [78,79]. Wenzel’s theory describes the hydrophilicity changes, where increased
surface roughness from laser processing alters the wetting properties from hydrophobic to hydrophilic by allowing liquids to fill
surface cavities [80,81]. The equation representing the Wenzel model is as follows [81]:

cos Oy =r cos 0 5)
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The equation describes the correlation of the water contact angle (CA) of the laser-textured surface (0y), the contact angle of the Ti-
raw surface (0), and the surface roughness factor (r). The surface roughness factor decreased as hydrophilicity increased, corre-
sponding with a reduction in pitch sizes from 51 pm to 29 pm, as shown in Fig. 18(a). Fig. 18(b) shows that enhancing the surface
roughness causes a significant change in the behavior of water on the P29 and P34 surfaces. When surface roughness increased from
0.28 pm to 0.5 + 0.01 pm, hydrophilicity increased from 100.3 & 9.5° to 18.5 + 5.2°. Previously, the surface repelled water through an
angle of contact measuring 100.3 + 9.5°, but now it attracts water. The increase in hydrophilicity can be attributed to the ratio of S, to
Vw- A higher S,/V,, ratio provides a reservoir effect that facilitates a more rapid spread of the liquid front, exceeding the spreading
velocity observed on untreated surfaces [82,83]. The S,/V,, ratio increased from 0.15 + 0.03 to 0.36 + 0.03 as the pitch size was
reduced from 51 pm to 29 pm. Fig. 19 shows that hydrophilicity increased correspondingly with the rise in the S,/V,, ratio.

After laser processing, hydrophilicity increased due to the offering of surface structural imperfections such as nanoscale defects.
Nanoscale defects stimulate hydroxylation in LTS. The hydroxyl groups can enhance the surface hydrophilicity by generating strong
bonds with water molecules on the surface rather than decreasing it [84]. Fig. 14 shows hydrophilicity of P29, which accelerates to
superhydrophobicity following cyclohexane-assisted low-temperature annealing at 70 °C, as observed in P29-C70. The super-
hydrophobicity of P29-C70 is attributed to cyclohexane treatment at low temperatures causes cyclohexane-blocking ultra-micropores.
The compound cyclohexane exhibits a robust hydrogen bonding connection when exposed to water. The ability of water to restructure
itself around a nonpolar solute to sustain this association contributes to the hydrophobic impact seen [37]. Chao Wang et al. [27]
compared chemical treatments using hydrophobic agents on the Ti surface with and without nanoporous structures. The hydropho-
bicity of Ti surfaces with nanoporous structures significantly increased compared to Ti surfaces without nanoporous structures. The
wettability result was similar to that of Ruslan Melentiev et al. [85] after surface coating; the water contact angle increased due to
decreased Sq; and Sqq. High adhesion is a defining characteristic of the growth of Sy, when liquids are distributed over it [86]. However,
P29-C300 shows similar hydrophilicity with P29.

The hydrophobicity of P29 and P29-C300 increased over time due to trapped air within the valley between the recast layer and the
adsorption of organic compounds from the atmosphere around it onto the oxide surface [80,87]. However, P29-C300 rose faster to
hydrophobicity than P29. The superhydrophobicity of P29-C70 and the hydrophobicity of P29-C300 dropped after 6 days. The
decreasing hydrophobicity of P29-C70 and P29-C300 after 6 days might be due to the degradation of the cyclohexane layer at room
temperature. The melting point of cyclohexane at 6.47 °C was mentioned earlier in the introduction section, and room temperature is
higher than the cyclohexane melting point. After 67 days, P29-C70 has similar hydrophobicity with P29 and P29-C300.

4. Conclusion

This study showed that the hydrophobicity of Ti-6Al-4V was tuned using a Q-switched nanosecond laser pulse at 1064 nm and
cyclohexane treatments in ambient conditions. The LTS generated by a Q-switched nanosecond laser pulse at 1064 nm in this paper has
several benefits, including high efficiency, high durability, and cost-effectiveness, making it suitable for large-scale production. Via
experiments and analysis, the following conclusions were drawn.

(1) The surface textures and composition of Ti-6Al-4V were changed to micro/nanostructure with TiO2 on the surface after laser
processing by various pitch sizes. Different surface textures and compositions influenced different colors on the Ti-6Al-4V
surface.

(2) The hydrophobicity of Ti-6Al-4V was transformed to hydrophilicity after laser processing due to Ti-6Al-4V surface trans-
formation to micro/nanostructures with TiO5 distribution on the surface.

(3) The hydrophilicity of LTS can be accelerated to superhydrophobicity immediately after cyclohexane-assisted annealing at 70 °C
treatment for 2 h. On the other hand, Ti-raw cannot reach superhydrophobicity after being treated with low-temperature
cyclohexane at 70 °C. Therefore, the superhydrophobic surface in this study can be attributed to both the structure and sub-
sequent formation of a hydrophobic substrate.

To summarize, the superhydrophobic Ti-6Al-4V surface in this work was produced by a simple single chemical modifier combined
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Fig. 18. Effect of different pitch sizes on surface roughness, roughness factor, and water contact angle: (a) the effect of different pitch sizes on
roughness factor and water contact angle, and (b) the effect of different pitch sizes on surface roughness (S,) and water contact angle.
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Fig. 19. Effect of different pitch sizes on S,/V,, ratio and water contact angle.

with low heating temperature and short-duration treatment after laser texturing. An effortless and low energy-consumption method for
turning hydrophilicity to superhydrophobicity on the Ti-6Al-4V surface will provide broad industrial and scientific applications.
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