
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/softmatter

Soft Matter

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Nanostructures in Superhydrophobic Ti6Al4V Hierarchical Surfaces 

Control Wetting State Transitions 

Yizhou Shen, Jie Tao
*
, Haijun Tao, Shanlong Chen, Lei Pan and Tao Wang 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 5 

This paper mainly reports the wetting state of liquid droplets on Ti6Al4V micro-nanoscale hierarchical 

structured hydrophobic surface. In this work, the detailed action mechanism of the secondary 

nanostructure in the hierarchical structure on the wetting-state transition (from the Wenzel state to the 

Cassie state) was revealed and discussed. The variation of micro-morphology of the sample surface was 

observed using a field emission scanning electron microscope (FE-SEM). Furthermore, the apparent 10 

contact angle and sliding angle of the droplets on the surfaces were measured via a contact angle 

measurement instrument. The theoretical and experimental results indicated that the one-dimensional 

nanowire structure, which was planted on the microstructure surface by the hydrothermal method, 

effectively changed the wetting state of liquid droplets on the surface from the Wenzel state to the Cassie 

state owing to its good size synergies with microscale structure. This process not only increased the 15 

apparent contact angle of liquid droplets on the solid surface (to 161°), but also decreased the sliding 

angle significantly (to 3°) and contact angle hysteresis (to ~2°), demonstrating the robust non-wetting 

property. 

Introduction 

Surface wetting is one of the important properties of a solid 20 

surface and one of the most common interfacial phenomena such 

as a droplet of morning dew on a lotus leaf and a mercury droplet 

on a glass surface (in contrast to a water droplet that spread out 

on a glass surface).1-3 In general, the contact angle θ is used to 

characterize the wetting state on a solid surface. When θ < 90°, 25 

the liquid can partially wet the solid and completely wet in θ = 0°, 

and the solid surface is called a hydrophilic surface or 

superhydrophilic surface. When θ > 90°, the liquid cannot wet the 

solid, and the solid surface is called a hydrophobic surface. 

Actually, some special surfaces have a contact angle of > 150° 30 

and the droplets on these surfaces can very easily roll away 

(contact angle hysteresis < 10°), being defined as 

superhydrophobic surfaces.4,5 

Superhydrophobic surfaces have attracted much attention from 

researchers in the world because of their great potential in 35 

different applications, particularly in fields such as 

waterproofing,6 self-cleaning,7,8 anti-corrosion,9 drag-reducing,10 

and anti-frosting.11,12 Since the published studies on hierarchical 

superhydrophobic surfaces and animal and plant surfaces by 

Japanese and German scientists in the 1990s,13,14 extensive 40 

progress has been made in this field. Researchers applied micro/-

nanopreparation techniques to construct superhydrophobic 

surfaces similar to lotus leaves, butterfly wings, and water strider 

legs on metal or glass substrate,15,16 achieving the perfect unity of 

microstructure and property. 45 

The main factors affecting the wettability of a solid surface are 

chemical component (or surface free energy) and geometrical 

microstructure (or surface roughness).17 On a smooth surface, the 

contact angle of a liquid droplet can be increased to 120° by 

lowering the surface free energy. Adding the construction of a 50 

micro-nanostructure, the contact angle of droplets can be 

increased to 150° or beyond.18 Currently, processes such as 

micromachining,19 laser or plasma etching,20,21 physical or 

chemical vapor deposition,22,23 sol–gel,24 phase separation25, 

electrostatic spinning,26 and spraying27 have been developed to 55 

successfully prepare and use superhydrophobic surfaces in 

different application fields. Qian and Shen used dislocation 

etching to build nanostructured surfaces on aluminum, copper, 

and zinc substrates and obtain superhydrophobicity after 

fluorination modification.28 Zhang and co-workers combined 60 

chemical and electrochemical corrosion methods to construct a 

micro-nanocomposite hierarchical structure on aluminum alloy 

surface, which also showed a high superhydrophobicity after 

fluorination modification.29 Caihong Xu’s group utilized a simple 

and inexpensive solidification-induced phase-separation method 65 

to fabricate highly transparent and durable superhydrophobic 

coatings (θ ≈ 155°). Moreover, the nanoscale surface roughness 

of the coatings can be easily adjusted via changing the process 

parameters.30 Ishizaki et al. developed a facile and time-saving 

method of creating a superhydrophobic surface on a magnesium 70 

alloy by a simple immersion process at room temperature. The 

film was covered with fluoroalkylsilane molecules, resulting in a 

robust superhydrophobicity (contact angle of more than 150°).31 

As above, current research efforts about superhydrophobic 

surfaces are mainly focused on the construction of micro/-75 

nanostructures and the evaluation of their properties. The action 
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mechanism of structure on hydrophobicity and the dynamic 

behavior of liquid droplets on the surfaces are still not clear. 

Although the hierarchical structure of surfaces was introduced in 

the 1990s, no substantial progress has been made in 

understanding the mechanism of action of the hierarchical 5 

structure, particularly the secondary nanostructure, on the non-

wetting performance. Although the Wenzel and Cassie models 

play a significant role in the theoretical studies on wettability of 

the non-ideal rough surfaces, further studies are needed to 

understand the transition mechanism from the Wenzel wetting 10 

state of the primary rough structured hydrophobic surfaces to the 

Cassie wetting state of the hierarchical structured 

superhydrophobic surfaces. 

As mentioned above, a full understanding of the action 

mechanism of a hierarchical structure on the non-wetting 15 

performance and the dynamic behavior of droplets on the 

surfaces is of great importance for the development of 

superhydrophobic techniques. Currently, Ti6Al4V alloy has been 

widely used to manufacture the leading edges of the wing or 

engine inlet in aircraft fields owing to the excellent mechanical 20 

properties. When the aircraft flies in some cold regions, ice 

accretion will occur on the surface of the aircraft, especially on 

the leading edge surface. We believe that the superhydrophobic 

Ti6Al4V surface can effectively reduce the ice build-up, and its 

anti-icing potential has been also reported in our previous 25 

article.32 Thus, we utilized a combination of sand blasting and 

hydrothermal method to rapidly construct the micro-nanoscale 

hierarchical structures on a Ti6Al4V surface in this work, and 

followed by fluorination modification, thus forming a 

hydrophobic surface. The mechanism of action of the hierarchical 30 

structure on the wetting state of liquid droplets, particularly the 

effect of the secondary nanostructure on the wetting-state 

transition of droplets on the surfaces from the Wenzel state to the 

Cassie state, was investigated. 

Experimental section 35 

Materials 

The following materials were used: Ti6Al4V titanium alloy 

(composition (wt-%): ≤ 0.3% Fe, ≤ 0.1% C, ≤ 0.05% N, ≤ 0.015% 

H, ≤ 0.2% O, 5.5~6.8% Al, 3.5~4.5% V, and the rest is Ti ) with 

a size of 10 mm × 10 mm × 1 mm (Baoji Titanium Industry Co., 40 

Ltd., China); 1H,1H,2H,2H-perfluorodecyltrimethoxysilane 

(FAS-17) (Tokyo Chemical Industry Co., Ltd., Japan); other 

reagents: sodium hydroxide, hydrochloric acid, ethanol, and 

acetone (Sinopharm Chemical Reagent Co., Ltd., China), these 

chemicals were analytical grade. 45 

Experimental Procedure 

Sample pretreatment: The sample surfaces were polished with 

metallographic sandpaper (No. 0-6) and then cleaned 

ultrasonically in acetone, ethanol, and deionized water for 10 min 

sequentially and dried. Sandblasting: Sand blasting of the 50 

polished samples was conducted using aluminum oxide (60 mesh, 

150 mesh, and 300 mesh) at 0.5 MPa for 10 s. The samples were 

ultrasonically cleaned with acetone, ethanol, and deionized water 

sequentially for 10 min and then dried for further use. 

Hydrothermal treatment: The sand blasted samples were placed in 55 

an autoclave with 30 mL of 1 M NaOH solution in a 220 °C oven 

and reacted for different times (1 h, 2 h, 4 h, 6 h, 8 h, and 12 h). 

After cooling down to room temperature, the samples were 

removed from the autoclave and immersed in 1 M HCl solution 

for 30 min. Next, the sample surfaces were rinsed with deionized 60 

water. Finally, the samples were placed in a muffle furnace 

(heating rate was 2 °C s-1) and heated at 500 °C for 3 h to produce 

TiO2 nanowires. Fluorination modification: The hydrothermally 

treated samples were immersed in 1 wt% FAS-17 ethanol 

solution for 24 h and then dried in a 120 °C oven for 2 h to obtain 65 

the final samples. 

Characterizations 

The surface morphologies of the samples were observed using a 

field emission scanning electron microscope (FE-SEM; Hitachi 

S4800, Japan). An infrared radiation (FT-IR) spectrum was 70 

acquired to characterize the surface groups of samples with an 

infrared spectrometer (Nicolet Nexus 670, USA). The apparent 

contact angle (APCA), the sliding angle (SA) and contact angle 

hysteresis (CAH) of a 4 µL water droplet on these surfaces were 

measured by a contact angle analyzer (Kruss DSA100, Germany). 75 

APCA could be directly obtained by the contact angle analyzer. 

CAH was the difference of advancing contact angle and receding 

contact angle. Advancing contact angle was recorded by the 

computer, when the contact area of the droplet with surface 

changed owing to expansion of droplet. If the contact area 80 

decreased via shrinking the droplet, receding contact angle could 

be recorded. The average value of three measurements was 

determined. In order to ensure that the 4 µL water droplet 

successfully dripped on the surfaces, we chose the ultrafine 

syringe needle with the inner diameter of only 0.03 mm, which 85 

was also hydrophobized with FAS-17. 

Results and discussion 

Preparation of the hierarchical structure superhydrophobic 

surfaces 

 90 

 

Fig. 1. Schematic diagram of the construction process of micro-

nanoscale hierarchical structures and fluorination modification. 

 

Preparation of superhydrophobic surfaces is based on the 95 

combination of micro-nanostructure (roughness) and surface 

chemical composition.33 Roughness is a key element to prepare 

the superhydrophobic surfaces. In this work, it can be divided 

into two parts of building micro-nanoscale hierarchical structures 

and fluorination modification, as shown in Figure 1. The primary 100 

microscale rough structure was constructed by a traditional sand 
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blasting method. High-speed hard aluminum oxide particles 

continuously impacted the titanium alloy surface, causing erosion 

and forming uneven rough structured surfaces like microhills.34 

The hydrothermal treatment of the sample led to the growth of 

one-dimensional (1D) TiO2 nanowires on the surface of the 5 

microscale rough structure. This process significantly increased 

the specific surface area of the sample, resulting in the increase of 

the grafted area with the fluorine-containing low-surface-energy 

groups.35 

Because of the extremely low surface free energy of FAS-17, it 10 

is widely used to modify rough structures for making the solid 

surface hydrophobic.36,37 The grafting process of FAS-17 hydro-

phobic groups is shown in Figure 2. Hydrolysis of the Si–OR 

groups of FAS-17 in ethanol generated Si–OH groups, which 

formed covalent bonds with the TiO2 molecules on the solid 15 

surface through condensation reactions. Furthermore, the FAS-17 

molecules on the surface were also connected to each other by 

covalent bonds formed through intermolecular condensation 

reactions. 

 20 

 
 

Fig. 2. Grafting process of FAS-17 hydrophobic groups with 

solid surface. 

 25 

Figure 3 shows the FT-IR spectrum of the surface hydrophobic 

groups. After fluorination modification with FAS-17, the 

characteristic absorption peak of the CF2 bond appeared ∼1243.32 

cm−1. And the characteristic absorption peak of the C–F bond was 

∼1161.32 cm-1 while that for the C-H bond was ∼2935.89–30 

2962.28 cm−1.38 According to this spectrum, the FAS-17 

hydrophobic groups were successfully grafted to the micro-

nanoscale hierarchical surface after the fluorination modification. 

 

 35 

Fig. 3. FT-IR spectrum of surface hydrophobic groups; (a) before 

fluorination modification, (b) after fluorination modification. 

Wenzel wetting state of primary microscale structure 

surfaces 

Figure 4 shows the morphologies of the primary sand blasted 40 

Ti6Al4V surface. The sand blasting with 60-mesh aluminum 

oxide formed a large-size concave–convex structure (~60 µm). In 

comparison, 150-mesh aluminum oxide led to relatively even 

concave–convex structure (~35 µm). The use of 300-mesh 

aluminum oxide formed an even finer structure with a smooth 45 

overall topography. Subsequently, the fluorination modification 

of the sand blasted microscale structure with FAS-17 just resulted 

in a hydrophobic surface. The results of apparent contact angle 

measurements on these surfaces are shown in Figure 4, inset. We 

could conclude that the sand blasted sample with 150-mesh 50 

aluminum oxide followed by fluorination modification had the 

largest contact angle of liquid droplets (~135°) among these 

microscale structure surfaces. 

 

 55 

 

Fig. 4. FE-SEM images of the sand blasted microstructure with 

the fluorination modification using FAS-17; (a) Smooth substrate, 

(b) with 60 mesh aluminum oxide, (c) with 150 mesh aluminum 

oxide, (d) with 300 mesh aluminum oxide. 60 

 

For the hydrophobic surfaces of the primary microscale (20–

100 µm) structures, the contact angle of the liquid droplets on 

solid surface followed the Wenzel wetting model,39 as shown in 

Figure 5. The actual contact angle of the droplet on a rough 65 

structure surface is unmeasurable. The contact angle obtained 

from the experiment is the apparent contact angle θ*. The 

apparent contact angle does not fit the Young’s equation: 

γLV cos θ = γSV − γS         (1) 

According to the Wenzel model the ideal contact angle θ by the 70 

true angle θ*: 

cos θ* = r cos θ             (2) 

Where, r is defined as the roughness factor, i.e., the ratio of actual 

solid/liquid interfacial contact area to the apparent solid/liquid 

interfacial contact area (r ≥1). θ is the Young’s contact angle, i.e., 75 

the contact angle of the liquid droplets on the fluorination-

modified Ti6Al4V substrate in this paper. The apparent contact 

angle θ* increases with the increase in the roughness factor r. 

Geometrically analyzing, the existence of a microscale (20–100 

µm) structure surface certainly results in a larger actual 80 

solid/liquid interfacial contact area than the apparent contact area, 

leading to a higher apparent contact angle θ* of the liquid droplets 
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comparing to the Young’s contact angle θ. The surface roughness 

of the sand blasted structure surface with 60-mesh aluminum 

oxide increased with slightly reducing in the roughness factor r (r 

≈ 1.07, see Supporting Information), compared with that (r ≈ 1.09) 

of the sand blasted structure surface with 150-mesh aluminum 5 

oxide. Thus, for the liquid droplets in the Wenzel wetting state, 

the increase in roughness factor r significantly improved the 

hydrophobicity. 

 

 10 

Fig. 5. Wenzel wetting model. 

 

Transition from the Wenzel Wetting State to the Cassie 

Wetting State 

To further increase the roughness factor r, a layer of 1D TiO2 15 

nanowires was planted (through the hydrothermal process) on the 

microstructure surface formed by sand blasting with 150-mesh 

aluminum oxide.40 The morphological changes are shown in 

Figure 6. After the fluorination modification with FAS-17, the 

apparent contact angle and contact angle hysteresis changes are 20 

shown in Figure 7c. With a short hydrothermal reaction time (1-2 

h), the formed nanowires were relatively short and small, the 

apparent contact angle of the droplets on the surfaces increased 

slowly from approximately 135° to 138°. When the hydrothermal 

reaction time reached 4 h, the nanowire length increased with 25 

relatively even distribution, and the endings gradually gathered. 

As the hydrothermal reaction time was even longer (8 h), the 

nanowire length further increased, and more dense distribution 

was observed on the surfaces of microscale structures. 

Meanwhile, the apparent contact angle of droplets on the surfaces 30 

also obtained a very obvious increase to 161°. We also found that 

the apparent contact angle nearly remained unchanged, when the 

hydrothermal reaction time was even longer. 

 

 35 

Fig. 6 Effect of hydrothermal process time on the secondary 

nanostructures (a) 1 h, (b) 2 h, (c) 4 h, (d) 6 h, (e) 8 h, and (f) 12 h. 

 

 
 40 

Fig. 7 (a) Cassie wetting model, (b) Nanostructure surface air 

layer illustration, (c) Apparent contact angle and contact angle 

hysteresis, (d) Variation in sliding angle with the extension of 

hydrothermal reaction time. 

In this time, the clear explanations of the effect of secondary 45 

nanostructures on the apparent con-tact angle are necessary. Why 

does the apparent contact angle increase significantly with the 

addition of secondary nanowire structures to microscale textures? 

The micro-nanoscale hierarchical structure is also one type of 

rough surface. We can continue to use the Wenzel equation to 50 

reveal the relationship between the apparent contact angle and 

Young’s contact angle. However, owing to the existence of 

nanowire structures on the microscale structure surface, the 

roughness factor r is very large, even an infinite value, causing a 

very large apparent contact angle. Strictly speaking, the Wenzel 55 

equation is not applicable in this case. 

Based on the Wenzel and Cassie equations, through the 

simulation of a rough surface, Dettre and Johnson drew a 

conclusion that there was a critical value of the roughness factor 

of a solid surface for the transition of wetting state.41 At this 60 

critical value, the liquid droplets on the solid surface change from 

the Wenzel wetting state to the Cassie wetting sate, as shown in 

Figure 7a. For one hydrophobic nanowire, large amounts of 

hydrophobic groups are present on the surface, and repel the 

adjacent hydrogen bonds from water. Thus, water is removed 65 

from the surface, and a thin layer of air is generated near the 

nanowire. This is a metastable state. When the spacing distance 

of each two nanowires is smaller than a certain value d’, the thin 

air layers would attract each other to form a larger continuous air 

layer, as shown in Figure 7b. d’ can be calculated via the formula: 70 

'

1

2

l g

d
n

γ

µ µ
≈

−
                            (3)

 

Where γ is the surface tension of liquid; µl - µg is the chemical 

potential difference of liquid and gas; n1 is the density of liquid 

molecules. For the water at standard conditions of 1 atm and T= 

298 K, n1 is about 0.055 mol cm-3; γ is 72 mJ m-2; and µl - µg is -75 

1.8 J mol-1,42 Thus, d’ is calculated approximately 100 nm. 

Combined with the microscale structure, a huge amount of air 

can be trapped underneath the liquid droplets and gradually form 

a stable Cassie wetting state, resulting in the water droplets being 

suspended on the surface. According to the Cassie equation: 80 

cos θ* = f1 cos θ1 + f2 cos θ2       (4) 
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In the equation, θ1 and θ2 represent the Young’s contact angles of 

the liquid droplet on the solid and air; f1 and f2 are the apparent 

contact area fractions of the liquid droplet on the solid and air, 

and f1 + f2 = 1. Because the Young’s contact angle of liquid 

droplet on air is 180°, equation (4) becomes: 5 

cos θ* = f1 cosθ1 + f1 −1            (5) 

Thus, the apparent contact angle θ* depends on the apparent 

contact area fractions of the liquid droplet on the solid f1. With a 

short hydrothermal reaction time (1-2 h), the formed nanowires 

were relatively short and small, leading to the surface wetting 10 

state in the transition state between the Wenzel wetting state and 

the Cassie wetting state. As the hydrothermal reaction time was 

prolonged, the generated nanowire length further increased, and 

more densely distributed. Furthermore, the spacing distance 

between the nanowires with each other was far less than 100 nm, 15 

forming a larger continuous air layer. Thus, with the addition of 

secondary nanowire structures to microscale textures, the wetting 

regime of the liquid droplets on the solid surface successfully 

changed from the Wenzel wetting state to the Cassie wetting sate. 

When the hydrothermal reaction time is 8 h, the generated 20 

secondary nanowires and microscale structure can trap a large 

amount of air (f1 is very small, ≈ 10%), resulting in an apparent 

contact angle of 161°. Moreover, the specially entwined nanowire 

structure formed through the hydrothermal process favors the air 

flow underneath the droplets. The “grooming” of this “ridge”-like 25 

structure leads to the easy sliding of the liquid droplets and shows 

outstanding hydrophobic function (the sliding angle decreased to 

∼3°, as shown in Figure 7d). Thus, the construction of 1D 

secondary nanowire structure on the microscale structure surface 

through the hydrothermal process can effectively change the 30 

wetting state of liquid droplet on the rough surface from the 

Wenzel state to the Cassie state. This process not only increased 

the apparent contact angle of liquid droplets on the solid surface 

(to 161°), but also decreased the sliding angle significantly (to 3°) 

and contact angle hysteresis (to ~2°), demonstrating the robust 35 

non-wetting property. 

Conclusions 

On the Ti6Al4V hydrophobic surface with a micro-nanoscale 

hierarchical structure, large amounts of hydrophobic groups 

accumulated near the secondary nanowires, and repelled the 40 

adjacent hydrogen bonds from water, thus removing water from 

the surface. Next, a thin layer of air was formed around the 

nanostructure. This was a metastable state. When the spacing 

distance of the nanostructure was smaller than a certain value d’, 

the thin air layers would attract each other to form a larger 45 

continuous air layer. Combined with a certain size of microscale 

structure, this could hold liquid with a certain volume on the 

rough structure surface, achieving the transition from the Wenzel 

wetting state to the Cassie wetting state. The contact angle of a 

liquid droplet increased from 134.75° to 161°, the sliding angle 50 

decreased from 12° to 3°, and the contact angle hysteresis 

decreased to ~2°. 
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