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ABSTRACT: The contact time of impacting water droplets on super-
hydrophobic surfaces directly reflects the extent of thermal and energy
conversions between the water droplet and the surface, which is also
considered to be crucial to the practical applications. The purpose of this
study was to reveal the relationship between the contact time and the
wetting hysteresis. We designed and fabricated six classes of surfaces with
different extent of hydrophobicity through modifying the microscale/
nanoscale hierarchical textured titanium surfaces with 1H,1H,2H,2H-
perfluorodecyltrimethoxysilane, and we filmed the contact process of the
water droplet impacting on these surfaces using a high-speed camera. It can
be concluded that wetting hysteresis played a significant role in
determining how long the impacting water droplet can bounce off the
surface, based on the interfacial wetting mechanism and the work done
against the resistance force generated by contact angle hysteresis during
the dynamic process.
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1. INTRODUCTION

Surface nonwetting is one of the most important properties of a
solid surface; it is commonly observed in our daily life, such as
water droplets rolling on a lotus leaf, water striders walking on
the river, and the antifogging eyes of a mosquito, etc.1−4 These
phenomena give us abundant inspirations to design functional
surfaces with special nonwettability through a combination of
surface chemical compositions (free energy) and surface
textures. Following this principle, many researchers have
devoted themselves to create and apply these surfaces.5−7

Because of the abilities to stay dry, self-clean, reduce drag, resist
icing, and prevent corrosion,8−12 scientists believe they will
greatly improve the sustainable development of resources,
especially in energy and environmental aspects.
However, these nonwetting surfaces in practical situations are

mostly under dynamic conditions, i.e., the water droplets
continuously impacting on the surfaces.13 The impacting water
droplet (at small Weber numbers (We ≤ 10) first spreads out
to maximum deformation, and then retracts to a certain extent
and bounces off the surface.14−16 The overall contact time
between the impacting water droplet and the surface is
considered to be crucial, because it directly determines the
extent of thermal and energy conversions in the practical
application circumstances.17 Thus, the current and future
research should not only focus on designing the surface with a
high apparent contact angle (APCA) and low contact angle
hysteresis (CAH), but also consider reducing the contact time
between the impacting water droplet and the surface.13

Previously, researchers have tried to perform some
investigations on the contact behavior of the impacting water
droplet on the various surfaces, and also gained much
understanding. Liu and co-workers demonstrated that, under
the same center-to-center post-spacing, surfaces with a larger
apex angle could give rise to more robust pancake bouncing.
Also, they developed general harmonic spring models to build
the link between the contact time and surface morphology and
predict the criticalWe for pancake bouncing.18,19 Aussillous and
Queŕe ́ noted that the contact angle hysteresis was a key factor
to prevent the motion of the droplet on the surface, often
resulting in the deposition of the liquid behind the drop.20

Therefore, they utilized the liquid marbles (encapsulating an
aqueous liquid droplet with a hydrophobic powder) to reduce
the adhesion to a solid surface, consequently generating
motion, under some external conditions. Furthermore, to
reduce the contact time of an impacting droplet, many workers
have devoted themselves to constructing extreme hydrophobic
surfaces to improve surface states, also achieving some advances
and showing the potential values in various industrial
applications.21,22 However, their competence in practical
application cannot be thoroughly evaluated only based on the
static characterizations of the apparent contact angle and the
contact angle hysteresis, because we still do not grasp the
underlying mechanism and relationship between the contact
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time of droplet impacting on the surface and the surface
nonwettability, to date. Thus, considering the practical
scenarios where the nonwetting surfaces is under continuous
disturbance of the environment, the contact time of the water
droplet impacting on the hydrophobic or superhydrophobic
surfaces should be measured and analyzed in tandem with
APCA and CAH, to reveal the internal and underlying
relationship.
Herein, we fully evaluate the APCA, CAH, and the contact

time of a bouncing water droplet based on the designed
different classes of hydrophobic surfaces. With the objective of
revealing the underlying mechanism and relationship between
the contact time of water droplets impacting on these surfaces
and the wetting hysteresis, this study should be able to provide
powerful support for the practical applications of the
nonwetting surfaces.

2. EXPERIMENTAL SECTION
2.1. Materials. Ti6Al4 V titanium alloy (composition: ≤0.3 wt %

Fe, ≤0.1 wt % C, ≤0.05 wt % N, ≤0.015 wt % H, ≤0.2 wt % O, 5.5−
6.8 wt % Al, 3.5−4.5 wt % V, and the rest is Ti) was provided by Baoji
Titanium Industry Co., Ltd., China, and cut into square substrates with
sizes of 10 mm × 10 mm × 1 mm. In addition, 1H,1H,2H,2H-
perfluorodecyltrimethoxysilane (FAS-17) was purchased from Tokyo
Chemical Industry Co., Ltd., Japan. Other chemical reagents such as
sodium hydroxide, hydrochloric acid, ethanol, and acetone are
analytical grade, and provided by Sinopharm Chemical Reagent Co.,
Ltd., China.
2.2. Experimental Procedure. The experimental procedure

invovles three processes: (i) a sand blasting treatment, (ii) a
hydrothermal treatment, and (iii) fluorination modification.
2.2.1. Sand Blasting Treatment. After the Ti6Al4 V substrates were

cleaned in the acetone, they were sand-blasted to construct the
micrometer-scale pit structures using 150 grit alumina at 0.5 MPa for
10 s.
2.2.2. Hydrothermal Treatment. After sand blasting, the samples

were placed in an autoclave containing 30 mL 1 M NaOH aqueous
solution at 220 °C for a certain time. Subsequently, the samples were
sufficiently rinsed with distilled water, and immersed in the 0.1 M HCl
aqueous solution for 0.5 h. Furthermore, an annealing treatment at
500 °C (the heating rate of 2 °C min−1) for 3 h was performed to
produce TiO2 nanowire array structures on the surface of microscale
pits.
2.2.3. Fluorination Modification. Lastly, these samples were

immersed in 1 wt % FAS-17 ethanol solution for 24 h and dried at
120 °C for 2 h to obtain hydrophobic sample surfaces. To make a
comparative study, we therefore designed and prepared six classes of
structured sample surfaces, being labeled as follows: HS-1 (smooth
hydrophobic substrate); HS-2 (microscale pit surface formed by sand
blasting); and HS-3, HS-4, HS-5, and HS-6 (microscale/nanoscale
hierarchical structured surfaces constructed by a combination of sand
blasting and hydrothermal treatment for 0.5, 1.5, 4, and 8 h,
respectively).
2.3. Characterizations. A field-emission scanning electron

microscopy (FE-SEM) system (Model S4800, Hitachi, Japan) was
used to observe the surface morphologies of the samples. The
chemical component of the surfaces was analyzed using an X-ray
photoelectron spectrometer (AXIS UltraDLD, Kratos, Japan). The
nonwettability of these sample surfaces was evaluated via measuring
the APCA and CAH values of a 4 μL water droplet on the surfaces.
APCA could be directly collected using the contact angle analyzer.
CAH was calculated via the difference between the advancing contact
angle (ACA) and the receding contact angle (RCA). The ACA value
could be recorded by the computer, when the contact area of the water
droplet on the surface changed due to the expansion of droplet.
Conversely, ACA could be also achieved by shrinking the droplet.
The impact and retracting processes of the water droplet on these

hydrophobic surfaces was filmed using a high-speed camera, as shown

in Figure 1. The water droplet was dripped from a fixed height of 50
mm over the sample surface, and the contact time could be accurately

calculated using the high-speed camera. Meanwhile, the impact
velocity (V0) of the water droplet followed the formula v = (2gh)1/2.

3. RESULTS AND DISCUSSION
3.1. Fabrication and Composition of the Hydrophobic

Surfaces. As mentioned above, fabrication of the nonwetting
surfaces is based on the cooperation between surface chemical
components and textures. And the surface textures are
considered to be the key element for the hydrophobicity,
especially the superhydrophobicity (apparent contact angle
>150°; contact angle hysteresis <10°). Figure 2 illustrates the
morphologies of the constructed microscale/nanoscale hier-
archical textures. The sand-blasted microscale pits with an
adjacent distance of ∼30 μm are evenly distributed on the
substrate (see Figure 2b). Figures 2c−f show the morphologies
of the one-dimensional (1D) TiO2 nanowires planting on the

Figure 1. Schematic diagram of the impacting measurement of the
water droplet on the sample surfaces.

Figure 2. SEM images of these constructed microscale/nanoscale
textures: (a) HS-1, smooth substrate; (b) HS-2, microscale pits formed
by sand blasting; and (c) HS-3, (d) HS-4, (e) HS-5, and (f) HS-6,
which represent microscale/nanoscale hierarchical structures built by a
combination method of sand blasting and hydrothermal treatment for
0.5, 1.5, 4, and 8 h, respectively. The insets are the optical images of
water droplets on the correspondingly prepared sample surfaces.
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surfaces of the sand-blasted microscale pits. It can be found that
the generated nanowires are relatively short and small (∼50 nm
in diameter) for a short hydrothermal reaction time of 0.5 and
1.5 h, resulting in minor improvement in the surface structure.
When the reaction time is up to 4 h, the nanowire structures
experience a great change, with the length of the nanowires
increasing to 2−3 μm and the endings gradually being gathered.
Also, the variation of nanowire structures is further enlarged at
a reaction time of 8 h.23 According to our previous study, the
features of the composite of microscale pits and nanowires
synthesized with the reaction time of 8 h benefit the
hydrophobicity, because of a large amount of air being trapped
under the water droplets.24

Because of the extremely low surface free energy (∼6.7 mJ
m−2) of FAS-17, it is considered to be an ideal choice to modify
the microstructures for making the surface hydrophobic.25−27

Figure 3 shows the XPS spectra of the sample surfaces before

and after fluorinating with FAS-17. It can be clearly observed
that the high-intensity peaks of F 1s and FKLL are located at
∼690 and 835 eV after the fluorination modification. In the
high-resolution spectrum of C 1s (Figure 3b), the peaks, which
respectively correspond to − CF2 and − CF3, are observed at
the sites of ∼291 eV and ∼294 eV.28 These results indicate that
the FAS-17 hydrophobic groups have been successfully self-

assembled to the microscale/nanoscale textured surfaces, i.e.,
obtaining the final hydrophobic sample surfaces. The water
droplets on these sample surfaces show different shapes from
hemisphere to sphere, as depicted in the insets of Figure 2.

3.2. Nonwettability. It is necessary to ascertain the
nonwettability of these surfaces for revealing the relationship
between the contact time of water droplets impacting on these
surfaces and the wetting hysteresis. Figure 4 depicts the

measured results of APCA, CAH, ACA, and RCA. It can be
found that the APCA (130°) of a water droplet on the HS-2
sample surface is higher than that on the HS-1 sample surface
(116°) and the CAH also has the same trend between the two
sample surfaces. The results indicate that microscale pit
structure favors enhancing the APCA, but also brings
disadvantageous effects on reducing the CAH. According to
the Wenzel wetting state, the APCA (θ*) of a water droplet on
the microscale pit surface follows the Wenzel equation:

θ θ* = rcos cos (1)

where r is the roughness factor of the wetting area (i.e., the ratio
of actual solid/liquid interfacial contact area and the apparent
solid/liquid contact interfacial contact area (r ≥ 1)), i.e.,
roughness factor. θ is the Young’s contact angle for the smooth
solid surface after the fluorination modification. The microscale
pit structures on the HS-2 sample surface can effectively
increase the roughness factor (r), resulting in higher APCA
than that on the HS-1 sample surface. Meanwhile, the
impregnating contact interface of the Wenzel wetting state

Figure 3. (a) Survey and (b) high-resolution XPS spectra of the
sample surfaces.

Figure 4. (a) APCA, ACA, RCA, and CAH values of a 4 μL water
droplet on these sample surfaces. (b) Dynamic contact images of the
water droplet expanding and shrinking on these surfaces.
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between the water droplet and solid surface also directly
determines the high CAH.
In addition, nanowire structures are hydrothermally grown

on the microscale pit surface (HS-3−HS-6), causing a great
change in hydrophobicity with the APCA increasing from 130°
to 161° and the CAH reducing from 54° to 2°. Actually, this
result is expected, since the great length:diameter ratio of the
nanowire extremely increases the roughness factor, even an
infinite value, leading to a very large APCA. Strictly, Wenzel
wetting model should be not available in this case, because the
solid/liquid contact interface has transformed to the composite
contact interfaces of solid/liquid and liquid/air.29,30 Under the
action of microscale/nanoscale hierarchical structures, a large
amount of air pockets are trapped under the water droplet and
gradually form the Cassie wetting state, leading to the water
droplet being suspended on the sample surfaces.31−33 The
APCA (θ*) of a water droplet on the microscale/nanoscale
hierarchical structured surfaces is given by34

θ θ* = + −f r fcos cos 11 1 1 (2)

In this equation, θ1 is defined as the Young’s contact angles
of the water droplet on the solid, f1 is the fraction of the
projected area of the solid surface that is wetted by the liquid,
and r is the roughness factor of the wetting area. According to
this equation, the APCA (θ*) is mainly dependent on the
contact area fraction ( f1). When the hydrothermal treatment
time is up to 8 h (HS-6), the generated nanowires and
microscale pit structures collaboratively induce a large amount
of air pockets, resulting in very small f1 (∼10%),

35,36 and a high
APCA of 161°, as well as a low CAH of 2°. For a relatively
short hydrothermal treatment time (0.5−1.5 h), the nanowires
are short and small, therefore causing a surface transition
wetting state (i.e., metastable Cassie wetting) between the
Wenzel and Cassie wetting states.34,37 The APCA values of the
water droplets on the HS-3 and HS-4 sample surfaces are
140°−150°, and the CAHs are still very high.
3.3. Contact Time of the Droplet Impacting on the

Surfaces. To measure the contact time of water droplets
impacting on these surfaces, we filmed the contact process
using a high-speed camera. Figure 5 depicts the impact
processes of the water droplets (initial diameter D0 = 2 mm,
impact velocity V0 = 1 m s−1) on these sample surfaces. It can
be clearly seen that the processes of the water droplet spreading
out to an almost-uniform coating on the six sample surfaces are
almost the same, because of the same initial kinematic
parameters of the water droplet. However, there is an obvious
difference in the retracting processes among these sample
surfaces. It takes ∼23 ms for the impacting water droplet on the
HS-1 sample surface to complete the overall process, and leave
a tiny droplet. In comparison to the HS-1 sample surface, the
HS-2 sample surface displays a higher hydrophobic perform-
ance with APCA = 130° and CAH = 54°. However, the
impacting water droplet cannot bounce off the surface, because
of the strong adhesion. For the HS-3 sample surface, although
the hydrophobicity is further enhanced with the APCA
reaching 143° and the CAH reducing to 52°, the impacting
water droplet still cannot bounce off the surface. When the
water droplets impact on the HS-4, HS-5, and HS-6 sample
surfaces, it takes ∼13 ms to complete the overall impact
process, and the water droplets can successfully bounce off the
three sample surfaces.
At this point, we urgently want to know what causes the

variation of the contact processes (contact time) of the water

droplet impacting on these sample surfaces, APCA, or CAH?
For this purpose, we rearrange the relative data for better
analysis, as shown in Figure 6. It can be visually observed that

the impacting water droplets only on the HS-2 and HS-3
sample surfaces cannot bounce off the surfaces, as the APCA of
the water droplet on these surfaces gradually increases. Also, we
find that the CAH of the water droplets on the HS-2 and HS-3
sample surfaces are greater than those on other sample surfaces
(i.e., HS-1, HS-4, HS-5, and HS-6). According to the changing
trends of contact time and CAH, perhaps the CAH of the
droplet on the solid surface has significant influence on the
contact time of the water droplet impacting on the surface.

3.4. Relationship between Wetting Hysteresis and
Contact Time. Setting a liquid droplet in motion requires non-
negligible forces to overcome the resistance force generated by
CAH, and often results in the deposition of liquid behind the
drop.19 As analyzed above, the overall contact process of a
water droplet impacting on a solid surface consists of the
spreading and retracting processes. In order to qualitatively

Figure 5. Impact processes of the water droplets (initial diameter D0 =
2 mm, impact velocity V0 = 1 m s−1) on these sample surfaces. Values
shown in red are presented in units of milliseconds (ms).

Figure 6. Relationship between the contact time of water droplets
impacting on these surfaces and the hydrophobicity. Therein, the
impacting water droplet on the HS-2 and HS-3 sample surfaces cannot
bounce off the surfaces, as shown by the arrows.
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analyze the relationship between the wetting hysteresis and the
work done against the resistance force generated by CAH, we
assume that, in the spreading process to the maximal diameter
(Dmax), the water droplet moves forward with the advancing
contact angle (θA). When the water droplet retracts, the
receding contact angle (θR) is available (see Figure 7). Thus,

the work done (W1, W2) in spreading and retracting processes
against the resistance force generated by CAH is given by

∫ π π σ θ θ= = | − |W f r r Dd
1
8

cos cos
D

1
0

1/2

A max
2

lg A
max

(3)

∫ π π σ θ θ= = | − |W f r r Dd
1
8

cos cos
D

2
0

1/2

R max
2

lg R
max

(4)

where fA and f R are the resistance forces to spreading and
retracting by the CAH, respectively, and σlg is the liquid/gas
interfacial tension. The overall work done against the resistance
force generated by CAH in the dynamic process can be
obtained as

π σ θ θ= + = −W W W D
1
8

(cos cos )1 2 max
2

lg R A (5)

Furthermore, the relationship between the maximal diameter
(Dmax) and the initial diameter (D0) can be followed by38

θ
= +

− * +
D
D

We 12
3(1 cos ) 4 We

Re

max

0 (6)

where the Weber number (We) and the Reynolds number (Re)
are constant in this work. Thus, combining eqs 3, 4, 5, and 6,
we can draw the following conclusion:

θ θ
θ

∝
−

− *
W

cos cos
1 cos

R A
(7)

During the water droplet impacting the solid surface, the
higher APCA value and the lower CAH value will result in a
less work done against the resistance force generated by CAH.
Thus, the water droplets impacting on the HS-4, HS-5, and HS-
6 sample surfaces require very little kinetic energy to overcome
the work done, showing the impacting water droplet rapidly
rebounding off the surfaces (the tiny differences of the contact
time among the three sample surfaces are not apparent due to
the limited frames of the camera). Comparison of the
rebounding properties of the water droplets on HS-2 and
HS-3 sample surfaces shows that the water droplet can rebound
off the smooth HS-1 sample surface with a longer contact time,
because of the lower CAH value.
To further reveal the relationship between the contact time

of the water droplet impacting on the hydrophobic surfaces and
the wetting hysteresis, we also analyze the contact mechanism
between the impacting water droplets and the typical structured
hydrophobic surfaces (see Figure 8). As mentioned previously,

the water droplet on the microscale pit surface follows the
Wenzel wetting state, resulting in the impregnating contact
interface. When the water droplet impacts on the microscale pit
surface at a certain velocity, it can rapidly fill the microscale
structures without any air. Thus, the outside atmospheric
pressure can effectively prevent the impacting water droplet
from bouncing off the surface, causing the stable Wenzel
wetting state.39,40

Conversely, the impacting water droplet on the microscale/
nanoscale hierarchical structured hydrophobic surface can easily
bounce off the surface. Under the action of the microscale/
nanoscale hierarchical structures, a large amount of air can be
trapped under the water droplet and form the nonimpregnating
contact interface, following the Cassie wetting state.41 Although
the water droplet impacts on the microscale/nanoscale
hierarchical structured hydrophobic surface at a certain velocity,
the air trapped under the water droplet still cannot be pushed
out, because of the locking-gas ability from the extremely large
roughness factor of the surface.42,43 The Cassie−Baxter state
possibly changes to a metastable state in the spreading process.
However, when the water droplet starts to retract, the
metastable state gradually transfers to the stable Cassie−Baxter
state again. In this case, the impacting water droplet can easily
bounce off the surface without resistance, and the water droplet
on the surface has a low CAH value. Thus, in comparison with
APCA, CAH can better reflect the contact time of the water
droplet impacting on the surface.

4. CONCLUSION
In summary, we designed and fabricated six classes of
hydrophobic surfaces by modifying the microscale/nanoscale
hierarchical textures on Ti6Al4 V substrate with FAS-17.
Comparing with the smooth hydrophobic substrate surface,
although the microscale pit structured surface displayed a high
apparent contact angle (APCA), the contact angle hysteresis
(CAH) also increased, because of the impregnating contact
interface, leading to the outside atmospheric pressure effectively
preventing the impacting water droplet from bouncing off the
surface. However, the impacting water droplet on the
microscale/nanoscale hierarchical structured surface could be
easily bounced off the surface, because of the extremely low
CAH caused by the trapped air under the water droplet. Also,
we comparatively analyzed the work done against the resistance
force generated by CAH, indicating that the water droplets

Figure 7. Dynamic process of the water droplet impacting on the solid
surface: (a) spreading process with the advancing contact angle
(ACA), and (b) retracting process with the receding contact angle
(RCA).

Figure 8. Schematic diagrams of contact interfaces between the
impacting water droplets and the typical structured hydrophobic
surfaces: (a) smooth substrate; (b) microscale pits formed by sand
blasting; and (c) microscale/nanoscale hierarchical structures con-
structed by a combination of sand blasting and hydrothermal
treatment.
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impacting on surfaces with the high APCA and the low CAH
require very little kinetic energy to overcome the work done,
and rapidly rebound off the surfaces.
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(37) Bico, J.; Thiele, U.; Queŕe,́ D. Wetting of Textured Surfaces.
Colloids Surf., A 2002, 206, 41−46.
(38) Pasandideh-Fard, M.; Qiao, Y. M.; Chandra, S.; Mostaghimi, J.
Capillary Effects During Droplet Impact on A Solid Surface. Phys.
Fluids 1996, 8, 650−659.
(39) Zheng, Q. S.; Yu, Y.; Zhao, Z. H. Effects of Hydraulic Pressure
on the Stability and Transition of Wetting Modes of Super-
hydrophobic Surfaces. Langmuir 2005, 21, 12207−12212.
(40) Jung, Y. C.; Bhushan, B. Dynamic Effects of Bouncing Water
Droplets on Superhydrophobic Surfaces. Langmuir 2008, 24, 6262−
6269.
(41) Bormashenko, E. Why Does The Cassie-Baxter Equation Apply?
Colloids Surf., A 2008, 324, 47−50.
(42) Kim, Y. D.; Shin, J. H.; Cho, J. Y.; Choi, H. J.; Lee, H. Nanosized
Patterned Protective Glass Exhibiting High Transmittance and Self-
Cleaning Effects for Photovoltaic Systems. Phys. Status Solidi A 2014,
211, 1822−1827.
(43) Barletta, M.; Vesco, S.; Tagliaferri, V. Self-cleaning and Self-
Sanitizing Coatings on Plastic Fabrics: Design, Manufacture and
Performance. Colloids Surf., B 2014, 120, 71−80.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b06754
ACS Appl. Mater. Interfaces 2015, 7, 20972−20978

20978

http://dx.doi.org/10.1021/acsami.5b06754

