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Abstract: This work investigates the mechanism of the controllable wettability transition on laser 

ablated Ti-6Al-4V alloy surfaces with the vacuum treatment. The effects of surface morphologies, 

vacuum conditions and joint mechanisms are discussed. To achieve stable and controllable 

wettability transitions, the laser ablated Ti-6Al-4V alloy surfaces were placed in a low vacuum 

environment to adsorb non-polar organic molecules. The sample appeared an unstable wettability 

transition, which manifested itself as a change in the apparent contact angle (ACA) with time. 

High vacuum conditions can accelerate the assembly of organic molecules on the sample surface 

and achieve a stable wettability transition. Furthermore, by varying the surface morphologies of 

laser ablated Ti-6Al-4V alloy and the adsorption time of organic molecules, stable and controllable 

wettability transitions can be achieved at high vacuum conditions.  

Keywords: Ti-6Al-4V alloy, wettability transition, vacuum treatment, laser ablation 

1 Introduction 

Inspired by lotus leaf, unique surface structures that can repel liquids are studied to be used on 

other materials [1-2]. This water repellent surface mainly relies on the formation of composite 

interface with solid-air-liquid [3-4]. If an ACA is greater than 150° and the rolling angle (RA) is 

less than 10°, this property is classified as super-hydrophobicity [5-6]. Animals and plants with 

special wettability in nature are widely distributed [7-9]. The bio-inspired super-hydrophobic 

surfaces have demonstrated great potential for various practical applications, such as anti-fogging, 

anti-icing, anti-bacteria, oil/water separation, self- cleaning, corrosion inhibition and drug 

reduction [10-16]. Researchers found that the super-hydrophobic surfaces were covered with 

micro/nano structures by observing the surface monotropy of animals and plants. In addition, the 

surface chemistry is also regarded as another key factor to determine the super-hydrophobicity. 

Micro/nano structures are usually fabricated on the low energy materials, or coated with low 

energy coating [17-18]. Fluorosilane is generally used to low surface energy coating [19-21]. 

However, this kind of chemical reagent containing fluorine is harmful to the environment and 

human health although this low surface energy coating could obtain stable super-hydrophobic 

surfaces with high efficiency. Therefore, how to efficiently fabricate environmental-friendly and 

biocompatible super-hydrophobic surfaces is of great significance.  
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In recent years, much work has been done on the preparation of non-polluting super-

hydrophobic surfaces. Several methods have been developed to fabricate micro/nano surface 

structures, such as laser ablation, chemical etching, nanoimprinting, lithography and assemble [22-

26]. Among the methods, laser ablation is one of the most proficient and low-cost methods, which 

is widely used to fabricate micro/nano structures on the surfaces of metal, alloy and silicon. After 

exposed in the ambient air for a long time, the fresh laser ablated surface often shows the 

phenomenon of wettability transition from the super-hydrophilicity to the hydrophobicity even 

super-hydrophobicity. Much work has been done to find out more efficient methods for achieving 

the wettability transition of fresh laser ablated surfaces. The fresh laser ablated samples are 

subjected in a vacuum condition to accelerate the wettability transition to several hours [30-32]. 

This work provides an efficiently and environment-friendly method for the efficient fabrication of 

super-hydrophobic surfaces. The previous work proposed one factor that the transition mechanism 

was due to the organic molecules’ adsorption in the vacuum chamber. A few studies explained the 

phenomenon in respect of surface chemistry analysis. However, instead of systematically 

exploring the role of surface structure and vacuum conditions, they focused more on the rapid 

preparation of superhydrophobic surfaces. It is therefore necessary to study the wettability 

transition mechanism of this method to achieve stable and controllable transitions for different 

applications. 

In this work, the effect of surface morphologies combined with the vacuum treatment on the 

mechanism of controlled wettability transition on laser ablated Ti-6Al-4V alloy surfaces was 

investigated. In the experiment, an oil pump and a vortex dry pump without oil were properly used 

to provide low vacuum and high vacuum conditions, respectively, which facilitated the study of 

transition mechanism with different surfaces and wettabilities. The same laser ablated Ti-6Al-4V 

alloy surfaces showed unstable hydrophilicity, unstable hydrophobicity, stable hydrophilicity, 

stable hydrophobicity and stable super-hydrophobicity changes in several hours after being treated 

with the low vacuum, high vacuum and combined vacuum conditions for different treatment time 

periods. Different laser ablation structures of grides and anisotropic gratings had different 

wettability transitions from the fresh super-hydrophilicity to the hydrophobicity or super-

hydrophobicity, allowing for more precise control of ACAs and RAs. Stable and controllable 

environment-friendly and biocompatible wetting surfaces were obtained.   
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2 Material and Methods 

A nanosecond laser source was employed to process patterned surfaces on Ti-6Al-4V. After 

cleaning Ti-6Al-4V with acetone, ethanol and deionized water, the laser pattern was fabricated by 

laser marking machine with a nanosecond fiber laser with the wavelength of 1064 nm, frequency 

of 20 kHz, average power of 10 W and focal spot diameter of 50 μm (FB20-1, Changchun New 

Industries Optoelectronics Technology Ltd). In the experiment, the morphologies of gratings and 

grides were generated by scanning once with different scanning speeds and scanning intervals. Fig. 

1 shows the components of laser marking system. The laser ablated the sample surface according 

to the designed movement path, while the sample was fixed.  

 

Figure 1. Diagram of laser marking system. The SEM image of laser ablated gratings with the 

period of 150 μm and the scanning speed of 175 mm/s on the Ti-6Al-4V alloy surface and the 

further magnified image of the marked area. 

To carry out the vacuum treatment, the fresh laser ablated Ti-6Al-4V were stored in a low 

vacuum condition (about 10-1 Pa, Condition 1), a high vacuum condition (about 10-5 Pa, Condition 

2), and both the two vacuum condition step by step (Condition 3). The low vacuum was provided 

by an oil vacuum pump, and the high vacuum condition was provided by a vortex dry pump 

without oil (nXDS 10i, Edwards).  

The laser ablated surface structure of Ti-6Al-4V was observed by scanning electron microscope 

(SEM; Quanta250, FEI). The Sessile drop method was employed for the measurement of ACAs 

of vacuum processed samples and the characterization of wettability through the video-based static 
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contact angle computing instrument. The tilt plate method was used for obtaining RAs of water 

droplets on the Ti-6Al-4V alloy surface. Kruss Drop Shape Analyzer DSA100 was used for 

calculating the ACAs and RAs. The deionized water droplet of 4.2 mL was used for ACAs and 

RAs measurements. The changes of surface chemistry on the patterned Ti-6Al-4V alloy surface 

were measured using X-ray photoelectron spectroscopy (XPS; Escalab 250Xi, Thermo Fisher 

Scientific), and the analyses were made by Casa XPS software. 

3 Results and discussion 

3.1 Surface structures  

The laser ablated gratings on the Ti-6Al-4V alloy surface with the period of 150 μm and the 

scanning speed of 175 mm/s were used to process the vacuum treatment, as shown in Fig. 2(a). 

The Ti-6Al-4V alloy surface is ablated and melted by the laser along the designed grating-like 

path. As the Ti-6Al-4V alloy surface was scanned by the laser, each point on the scan path was 

subjected to several pulses, which caused the molten material sputtered and stacked on both sides, 

as shown in Figs. 2(b) and (c).  

 

Figure 2. SEM images of laser ablated gratings on Ti-6Al-4V and the schematic diagram of laser 

ablation. (a) SEM image of laser ablated gratings on Ti-6Al-4V, (b) the magnified SEM image of 

marked area, and (c) schematic diagram of material sputtering during laser ablation. 

Because of the rapid solidification, the sputtered materials formed redeposition at the trench 

periphery to become a micro/nanoscale rough surface with numerous bumps and irregular 

micro/nano particles. At the edge of the laser ablation path, the accumulation of sputtered material 

formed the barriers. The barriers, bumps and irregular micro/nano particles formed hierarchical 
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rough structures. The special hierarchical rough surface texture can generate a large space in which 

the air can be trapped, resulting in the suspension of liquid droplet on the fabricated sample surface. 

The high ACA of patterned surface can be described by Cassie-Baxter model, 

𝑐𝑜𝑠𝜃 = 𝑟𝐿𝑐𝑜𝑠𝜃1 + 𝑟𝐴𝑐𝑜𝑠𝜃2,                                                      (1) 

where θ is the ACA, rL and rA are the solid and air surface area fractions, θ1 and θ2 are the ACAs 

of flat solid and air surfaces. When the water droplet diffuses into the interior of the structure, the 

ACA of patterned surface can be described by Wenzel model, 

𝑐𝑜𝑠𝜃𝑤 = 𝑟𝑐𝑜𝑠𝜃𝑓,                                                       (2) 

where r is the roughness factor for the solid surface, θw is the ACA for the roughness surface, 

and θf is the ACA for the flat surface.  

3.2 Wettability transition  

Three laser ablated Ti-6Al-4V grating samples in Fig. 2 were used to process the vacuum 

treatments in Condition 1, Condition 2 and Condition 3, respectively. The processing time of low 

vacuum and high vacuum were both 8 hours. After the vacuum treatments, the samples were 

marked as TC4-I (Condition 1), TC4-II (Condition 2) and TC4-III (Condition 3). The states of 

droplets on the sample surfaces were recorded by the high-speed camera integrated in the Kruss 

Drop Shape Analyzer.  
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Figure 3. Change of water droplets’ states over time on TC4-I, TC4-II and TC4-III surfaces, 

and photoshoots of water droplet hitting on the TC4-III surfaces.  

It can be seen from Fig. 3 that the TC4-I shows an unstable hydrophobic state. The moment of 

the water droplet fell on the sample surface showed a contact angle of 150.5°. With the increase 

of time, the water droplet spread slowly on the sample surface, and the final contact angle was 

stabilized at 105°, which can be described by Wenzel model. For the TC4-II, the water droplets 

quickly spread out on the surface of the sample, showing a super-hydrophilic state. The TC4-III 

surface always maintained the same ACAs of 155.3°, and the RA was measured as 1.24°, showing 

a stable super-hydrophobic state, which can be described by Cassie-Baxter model. To further 

investigate the performance of TC4-III surface, the high-speed camera was used for recording the 

water bouncing. As shown, water droplets fell freely from the tip of the needle. When the water 

droplet contacted the surface of the TC4-III surface, the shape of the water droplet changed due to 

the dual effects of gravity and impact. The small RA of 1.24° characterized the low contact angle 

hysteresis with the better droplet mobility and smaller adhesion. The low contact angle hysteresis 

enabled the droplet to rebound after falling onto the surface of TC4-III. The super-hydrophobic 

TC4-III surface caused the water droplets to rebound completely without residues as shown in Fig. 

3. The bouncing experiments show that the TC4-III surface has extremely low adhesion and 

superior water-repellence.  
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The fresh laser ablated Ti-6Al-4V alloy surface showed a super-hydrophilic state [33]. The 

wettabilities of TC4-I, TC4-II and TC4-III surfaces changed from the super-hydrophilic state to 

the unstable hydrophobic state, super-hydrophilic state and stable super-hydrophobic state, 

respectively. Due to the same gratings on the TC4-I, TC4-II and TC4-III surfaces, different 

wettability transitions were analyzed as the changes in the surface chemical composition. During 

the vacuum treatment, the wettability of the sample subjected only in the high vacuum condition 

(TC4-II) was consistent with the fresh laser ablated Ti-6Al-4V alloy surface, while the wettability 

of the sample subjected only in the low vacuum condition (TC4-I) showed the wettability transition.  

3.3 Surface chemistry analysis 

The XPS spectra of fresh laser ablated Ti-6Al-4V alloy surfaces (TC4-IV), TC4-I and TC4-II 

were obtained to further study the effects of low vacuum and high vacuum treatments on 

wettability transitions, as shown in Fig. 4, and the corresponding chemical compositions were 

presented in table 1. For the laser ablated Ti-6Al-4V alloy surface, there were five elements, which 

were mainly C, O, Ti, V and Al. According to the literature, the peaks of O 1s and C 1s appear at 

around 531 eV and 248.8 eV, respectively [34].  

 

Figure 4. XPS spectra of (a) TC4-IV surface, (b) TC4-II surface, and (c) TC4-I surface. 

Table 1. Chemical compositions 

Sample C 1s (At%) O 1s (At%) Ti, V and Al (At%) 

TC4-IV 34.86 48.77 16.37 

TC4-II 37.73 47.41 14.86 
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TC4-I 65.15 28.34 6.51 

 

It could be inferred from the binding peak of Fig. 4(a) that O exists mainly in the form of TiO2 

and little Al2O3 and VO2. After laser ablating, more internal pure Ti, Al and V were exposed to 

the air. Rapid passivation of the pure metals resulted in the formation of metal oxide layer which 

mainly contains TiO2 and little Al2O3 and VO2. Because the thin passivation layer has unsaturated 

metals and oxides on the surface, it will be quickly hydrocarbylated, which may be a major cause 

of super-hydrophilicity [35]. The detection of C in Fig. 4(a) originated from the adsorption of 

hydrocarbon organic matter. Ti is active metals and will rapidly oxidize in the air to form oxide 

films, thus the carbon content on the surface of clean sample should be zero. The XPS results 

showed that there was an amount of C (34.86%) on the TC4-IV surface, which might be due to the 

pollution of organic matter in the environment and the carbonization of the air deposited on the 

surface. 

Comparing the binding peak of TC4-IV with TC4-II, the surface chemical compositions were 

the same, as shown in Figs. 4(a) and (b). The amount of C (37.73%) on the TC4-II was a little 

higher than that on the TC4-IV surface, which was analyzed as the strong absorption of organic 

matter in the ambient air before the air completely drawn out from the high vacuum chamber. As 

the similar wettability on TC4-IV and TC4-II surfaces in Fig. 3, the absorption in the high vacuum 

chamber could not provide enough organic matter to change the water contact state. After the low 

vacuum treatments, the carbon content of the surface increased significantly to 65.15% on the 

layered rough structures of TC4-I, as shown in Table 1. This can be inferred that the main reason 

for the change in wettability is caused by the change in the surface chemical compositions, because 

the surface morphology will not be changed during the vacuum process. Therefore, the significant 

increase in the carbon content may be due to the adsorption of organics in the low vacuum 

treatments.  
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Figure 5. Spectra of C 1s on (a) TC4-IV surface, (b) TC4-II surface, (c) TC4-I surface and the 

spectra of O 1s on (d) TC4-IV surface, (e) TC4-II surface, and (f) TC4-I surface. 

Table 2. Chemical compositions of C 1s 

Sample C-C(H) (At%) C-O (At%) C=O (At%) O-C=O (At%) 

TC4-IV 72.49 20.93 1.40 5.18 

TC4-II 73.50 21.34 1.63 5.42 

TC4-I 82.34 12.10 2.43 3.13 

Table 3. Chemical compositions of O 1s 

Sample O2- (At%) C-O/C=O (At%) -OH (At%) O-C=O (At%) 

TC4-IV 59.49 27.50 10.68 2.33 

TC4-II 56.40 22.57 4.74 4.11 

TC4-I 44.59 26.44 21.11 7.86 
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To further test the above assumptions, the spectra of C 1s and O 1s on TC4-IV, TC4-II and TC4-

I surfaces were obtained, as shown in Fig. 5. The C 1s peak was decomposed into four components, 

namely a hydrocarbon chain or a graphite structure (C-C (H)), and C-O, C = O and O-C = O 

functional groups, corresponding to the adsorption of alcohol/ether, aldehyde/ketone, carboxyl, 

and lipid, respectively. The peak positions of the four components were fixed at about 284.8, 285.6, 

287.5 and 288.8 eV, respectively. Generally, C-C (H) functional groups are considered non-polar 

and contribute to hydrophobicity, while the other three functional groups have high polarity and 

contribute to hydrophilicity. Therefore, the relative concentration of C-C (H) bonds in this 

experiment can explain the hydrophobicity conversion after the two vacuum treatments. 

Calculating from Table 2 and Table 3, the C-C (H) concentration on the TC4-IV surface was 

72.49%, 73.50% on the TC4-II surface, and 82.34% on the TC4-I surface. The O 1s spectrum was 

decomposed into four peaks with the binding energies of approximately 531.97 eV, 532.14 eV, 

533.05 eV, and 534.06 eV, respectively, corresponding to O2- (TiO2, Al2O3, and VO2), C = O / C-

O, -OH (hydrocarbyl), and O-C = O functional groups. The existence of O-C = O may be due to 

the adsorption of carboxylate [36]. The adsorption of carboxylates would lead the C-C(H) groups 

adhered to the surface, as shown in Fig. 6. The dehydration condensation reaction between the 

carboxyl groups and -OH groups makes low surface energy functional groups stably cover the 

structure surface. 

 

Figure 6. Schematic diagram of chemisorption mechanism during the two vacuum treatments. 

(a) Laser ablated surface. (b) Laser ablated surface after the two vacuum treatments. Where R 

represents the functional group. 
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The increased carboxyl content decreases the total surface free energy, and it may be one of the 

reasons for the wettability shift. As shown in Fig. 6, the content of hydrocarbyl groups affected 

the amount of adsorbed organic matter due to the adsorption of organic molecules on the 

hydrocarbylated metal oxide surface. It can be obtained from Table 3 that the -OH content of the 

sample after the low vacuum treatments is about twice higher than the fresh sample before the 

vacuum treatment. This change may be caused by the adsorption with oxygen-containing volatile 

organic molecules (such as small aliphatic carboxylic acids). Thus, the low vacuum treatment of 

the sample showed the wettability transition due to the formation of micro-nano structures and the 

adsorption of low surface energy materials on the surface. The increased amount of -OH group 

after the high vacuum treatment could not provide enough functional groups of low surface free 

energy to significantly change the surface wettability. 

The organic matters on the TC4-I and TC4-II surfaces come from the ambient air of vacuum 

chamber. During the operation of the oil pump, the increase in the vacuum pump temperature 

accelerates the diffusion of non-polar organic molecules in the pump oil into the vacuum chamber. 

The amount of non-polar organic molecules provided by the oil pump is much more than the 

ambient air in the high vacuum chamber. Therefore, the difference in wettability between TC4-I 

and TC4-II is mainly due to the difference in the amount of adsorbable organic matters in the two 

environments. Comparing the unstable surface of TC4-I and the stable super-hydrophobic surface 

of TC4-III in Fig. 3, it can be found that the high vacuum condition accelerates the assembly of 

organic molecules on the laser ablated surface.  

3.4 Modulation of the wettability transition 

In this work, the surface morphologies and the adsorptions of organic molecules under the low 

vacuum and high vacuum treatments together made the laser ablated Ti-6Al-4V alloy surface from 

a super-hydrophilic state to a stable super-hydrophobic state. By changing the surface morphology 

and the adsorption time of organics, the wettability was controlled to change from the super-

hydrophilicity to the hydrophilicity, hydrophobicity and super-hydrophobicity stably, as shown in 

Fig. 7. The laser-textured Ti-6Al-4V gratings and grids were stored in the low vacuum condition. 

The periods of gratings were generated from 30 μm to 200 μm (increased with the step of 30 μm 

till 150 μm and then 200 μm). The scanning speeds of each period were 100 mm/s, 175 mm/s and 
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250 mm/s. For the grids, the laser beam was moved with the same scanning speed as the gratings 

and the periods of 60 μm, 90 μm, 120 μm and 150 μm, in rectangular grid paths. To achieve the 

rectangular grid paths, the laser beam scanned in the X and Y directions of gratings, respectively. 

And then, the samples were stored in the high vacuum condition for 8h. The ACAs and RAs of 

laser-textured samples were measured after the two vacuum treatments. 

 

Figure 7. Changes of ACAs and RAs with time in the low vacuum condition. (a) ACAs of 

gratings with the low vacuum time from 2 h to 6 h (i) and 8 h to 12 h (ii). (b) ACAs of gratings 

with the low vacuum time of 8 h and the scan speeds of 100 mm/s, 175 mm/s and 250 mm/s. (c) 

ACAs of grids with the low vacuum time of 8 h. (d) RAs of gratings with the low vacuum time 

of 6 h, 8 h, 10 h and 12 h. (e) RAs of gratings with the low vacuum time of 8 h and the scan 

speeds of 100 mm/s, 175 mm/s and 250 mm/s. (f) RAs of grids with the scan speed of 100 mm/s, 

175 mm/s and 250 mm/s and the low vacuum time of 8 h.  
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The surface of the laser ablated structure had a significant hydrophobic conversion as the low 

vacuum time changed. The ACAs of gratings with different periods were changed as the low 

vacuum treatment time was increased, as shown in Fig. 7(a). With the increase of the low vacuum 

treatment time, the ACAs of the grating with the same period increase. This conversion from the 

hydrophilic to hydrophobic and super-hydrophobic states can be achieved under the low vacuum 

treatment for 6 h. When the sample’s low vacuum treatment time was increased from 8 h to 12 h, 

the samples kept their super-hydrophobic state, and ACAs and RAs of the samples were changed 

only in 155° ± 2° and 3.5° ± 1.2°, respectively, as shown in Figs. 7 (a) and (d). Therefore, in the 

experiment, the periods of gratings could hardly affect the wettability after 6 h of low vacuum 

treatment. 

In addition, with the increase of the period, the ACAs of samples treated with the low vacuum 

for 2 h and 4 h became significantly larger. It was because with the increase of the period, the 

material in the molten state after the laser ablation was increased and the exposed area of the 

original material was increased, showing obvious changes in the surface morphologies, as shown 

in supporting_1(a). The different degrees of wettability transition were controllably achieved with 

less low-vacuum processing time combined with different periods. 

For the samples with low vacuum treatment time of 8 h, the ACAs of laser ablated samples with 

different laser ablation speeds show insignificant wettability changed. In Fig. 7(b), the ACAs of 

laser patterned surfaces with low vacuum treatment time of 8 h show slight changed with the 

changed of the period around 155°. For RAs of these samples, the increasing of period made RAs 

show a downward trend with significant troughs, as shown in Fig. 7(e). For samples with different 

laser ablation speeds, there is a minimum RA. When the low vacuum treatment time was the same 

and the ACAs were almost close, the change in RAs reflected the difference in the ability of 

different surface structures to adsorb organic molecules after low vacuum treatment. As the 

scanning speed was decreased, the excessive ablation time at the same point caused the sputtered 

materials melted again and form larger particles combined with other melted particles, as shown 

in supporting_1(b). This reduced the irregular micro/nano particles on the surface of the sample, 

which affected the hydrophobicity of the sample and reduced the adsorption of non-polar organic 

molecules. When the low vacuum treatment time was 8 h, the super-hydrophobic surfaces of 

different RAs were prepared by changing the ablation speed and time. Although the surface 
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morphologies of grids were different from that of gratings, they showed the similar trend as the 

gratings on ACAs and RAs, as shown in Fig. 7 (c), Fig. 7(f) and supporting_1(c). The wettability 

transition law of this vacuum method was almost the same for different surface morphologies.  

In practical applications, stability is an important factor in determining the practicality of super-

hydrophobic samples. Therefore, the stability of super-hydrophobic surfaces prepared by the two 

vacuum treatment was also explored in this work. The super-hydrophobic sample prepared by the 

two-step vacuum treatment method was continuously exposed to air at room temperature for 180 

days, and its surface still maintained superior super-hydrophobic states. The ACA of the super-

hydrophobic sample after 180 days of exposure to the air was 154° ± 1.2° and the RA was 4.1° 

± 2°.  

4 Conclusions 

In this work, the mechanism of vacuum conditions on accelerating the wettability transition of 

laser ablated alloy Ti-6Al-4V surfaces was studied. The experiment showed that the adsorption of 

organic molecules during the vacuum treatment caused the wettability transition on the laser 

ablated Ti-6Al-4V alloy surfaces. The high vacuum condition accelerated the formation of a stable 

state on the surface and made the surface of adsorbed organic molecules reach stable wettability 

more quickly. Different layered structures prepared by laser ablation had different degrees of 

amplification on the wettability of Ti-6Al-4V alloy surfaces. Therefore, the controllable wettability 

transition of laser ablated alloy Ti-6Al-4V surfaces from super-hydrophilicity to hydrophilicity, 

hydrophobicity and super-hydrophobicity within a few hours can be achieved by controlling the 

surface morphologies and the adsorption time of organic molecules. Unlike the previous studies 

that focused on the rapid preparation of super-hydrophobicity, this study can help to better 

understand the the rapid transition mechanism of surface wettability during the vacuum treatment, 

and enable more precise controlled wettability transition. In addition, this work provides a method 

for the preparation of environmentally friendly and biocompatible surfaces with different 

wettability applications. 
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