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Available online 09 September 2016 pension onto the dip-coated epoxy resin film on glass slide. Because the epoxy resin acted as bonding layer be-

tween the R974 nanoparticles film and the glass slide, a combination of high bonding strength and
superhydrophobicity was achieved. The superhydrophobic surface was characterized by water contact angle

?ﬁﬁfgﬁmphouc surface measurements and scanning electron microscopy (SEM). The water contact angle of the R974 coating could
Epoxy resin reach 154.7°, and the significant differences in the surface morphology of superhydrophobic coating were pre-
Spraying coating sented with different R974 concentrations. A flat, fractal-like texture was observed for coatings sprayed with
Drag reduction low R974 concentration, and a rough, porous surface for coatings sprayed with high R974 concentration. The ad-
Adhesion hesion between the R974 coating and epoxy resin was evaluated by the adhesive-tape test. The interaction be-

tween fractal-like aggregated R974 with epoxy resin was large enough because of the surface-to-surface
contact mode, and the interaction between microparticles of aggregated R974 with the epoxy resin was weak be-
cause of the point-to-surface contact mode. By comparing the skin friction drag on normal surface with the pre-

pared superhydrophobic surface, the superhydrophobic coatings achieved a 12% drag reduction in water.

© 2016 Published by Elsevier B.V.

1. Introduction

The surface with water contact angle over 150° and sliding angle
lower than 10° is generally classified as superhydrophobic surface [1].
The superhydrophobic surface has drawn considerable attentions for
both fundamental research and practical applications in the past
15 years, such as in self-cleaning [2-6], anticorrosion [7-9], anti-ice
[10,11], drag-reduction [12-15], and so forth. It is widely known that a
micro-/nano-scale hierarchical surface structure and a low surface ener-
gy are two key factors for superhydrophobic surface. In recent research,
nanoparticle is a promising material to prepare superhydrophobic coat-
ings, because the nanoparticle aggregates usually have multi-scale
roughness including the nano-scale of primary nanoparticles and the
micro-scale roughness of nanoparticle aggregates [16]. The general pro-
cess of fabricating superhydrophobic surface using nanoparticles in-
volves two steps: the hierarchical rough surface is created with
nanoparticles and then modified with low surface energy materials
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[17-22]. In order to simplify the general two-step process, hydrophobic
nanoparticles were used directly to produce the superhydrophobic sur-
face in one step without post-treatment, because of the assembly of hy-
drophobic nanoparticles could provide both surface hydrophobicity and
surface roughness. More hydrophobic nanoparticles were used for
superhydrophobic surfaces fabrication, such as silane coupling agent
modified silica nanoparticles [23-26], carbon nanotubes [27], stearic
acid modified ZnO [28], pigment nanoparticles [29], and so on.

The resistance to mechanical tear and wear of the superhydrophobic
surface is an important factor to determine its practical applications. In
order to enhance the adhesion between the superhydrophobic coating
and substrate, the bonding layer [30,31] and nanoparticle/polymer
blends [16,32-35] have recently been applied as a route. Cholewinski
and co-workers [30] reported a facile dip-coating process that embed-
ded micron-scale polydimethylsiloxane (PDMS)-functionalized silica
particles with nano-scale roughness into an epoxy layer, the use of
epoxy pre-layer enhanced the bonding strength of the embedded nano-
particles. Zhang and co-workers [34] have reported superhydrophobic
coating fabrication by spraying an alcohol solution consisting of R974 hy-
drophobic silica nanoparticles and methyl silicate precursor, the methyl
silicate precursor played as a binder between nanoparticles and sub-
strate. Ge and co-workers [35] reported that the superhydrophobic
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coating could be prepared by spraying fluoroalkyl silane nano-SiO, and
methylsiloxane isopropanol suspension on the glass, and methylsiloxane
was introduced to enhance the wetting and adhesion of the hydrophobic
SiO, nanoparticles on the hydrophilic glass slide after curing. In the case
of nanoparticle/polymer blends, the polymer concentration is very im-
portant to fabricate high adhesion superhydrophobic coating. The con-
centration below the optimal value (a balanced consideration of the
adhesion and the hydrophobicity) resulted in poor adherence of the par-
ticles to the substrate, and the concentration over this value resulted in
the loss of superhydrophobicity, due to the complete embedment of
nanoparticles in the polymer.

Nanoparticles always tend to agglomerate due to their high surface
area and surface energy [36]. The interparticle forces within the agglom-
eration stem from the van der Waals, capillary, and electrostatic forces
[37]. In the field of nanocomposites, the agglomeration of nanoparti-
cles in polymer/plastic matrix will decrease the mechanical property
of nanocomposites, and an ideal nanocomposite should be free of ag-
glomerates. Although the strong inter-nanoparticle interaction is
deleterious for polymer nanocomposites, the severe shear force pro-
vided by conventional mixing facilities often fails to break apart the
nanoparticle agglomerates [38], the inter nanoparticle interaction
would benefit to form strong adhesion between the nanoparticles
and the substrate.

In this paper, based on the phenomena of the embedded dusts on
the surface of fresh paint film, industrialized hydrophobic R974 nano-
particles were used as “dust”, and epoxy resin was used as “paint” to
prepare the superhydrophobic film with high bonding strength. The
R974 is the industrialized hydrophobic silica nanoparticles, which may
simplify the process of superhydrophobic surface fabrication without si-
lane hydrophobic treatment of the nanoparticles. The epoxy resin is a
commonly used resin in industry, and can be readily coated on a wide
variety of substrates. A simple method for the fabrication of
superhydrophobic coating by spraying R974-ethanol suspension onto
the epoxy resin pre-coated substrate was studied in this paper. The ef-
fect of the R974 concentration on the morphology of the coatings, and
the effect of the morphology on the adhesion of R974 coatings on sub-
strate were studied. The superhydrophobic surface was used to reduce
the skin friction drag in water and the drag reduction effect was con-
firmed quantitatively via rotar-water system.

2. Experimental
2.1. Materials

Epoxy resin E51 and curing agent T31 were purchased from
Hangzhou Wuhuigang Adhesive Co., Ltd. Aerosil R974 was pur-
chased from Beijing Boyu Gaoke New Material Technology Co., Ltd.
Acetone (AR) and ethanol (AR) were purchased from Beijing Beihua
Fine Chemicals Co., Ltd. All the agents were used without further
purification.

2.2. Preparation of superhydrophobic surface

In experiment, the glass slide was used as the model substrate and
was cleaned firstly by ultrasonication (KX-1620, Beijing kexi technology
Co., Ltd., China) in ethanol for 30 min and dried at ambient temperature
for 2 h prior to use.

The dipping method was used for the fabrication of epoxy pre-coat-
ings. 40 g acetone was mixed mechanically with 40 g E51 at 400 r/min
for 30 min, and then 10 g T31 was added into the mixture and stirred
for 10 min. In general, the adding of acetone can slow down the curing
of epoxy. The epoxy resin is not cured at ambient temperature and this
allows the R974 nanoparticles be embedded on the surface of epoxy
pre-coatings by spray coating of R974. In experiment, the additive ace-
tone also reduced the viscosity of epoxy resin, and the surface of the
epoxy pre-layer became smoother after dip coating. The cleaned glass

slide was then immersed into the prepared epoxy resin solution at the
dipping speed of 140 mm/min, after 1 min intervals, the glass slide
was withdrawn at the same speed. The sample was then placed vertical-
ly and dried 30 min at ambient condition.

The spray-coating method was adopted to prepare the R974
superhydrophobic coating. The R974 nanoparticles were dispersed in
ethanol firstly for 10 min by ultrasonication to prevent the aggregation,
and only freshly prepared batches of R974 suspension was used. Subse-
quently, the uniform suspensions were sprayed onto the surface of
epoxy pre-coated glass slide. An internal-mix air-atomizing spray nozzle
(SU1A, Shanghai shangyang valve factory, China) was used, and the
0.2 MPa compressed air gas was supplied by an external air compressor
(WB550-2A50, LIDA machine equipment Co., Ltd., China). The flow ca-
pacity of R974 suspension was 5 mL/min controlled by the injection
pump (ILSP02-1B, Baoding Longer Precision Pump Co., Ltd., China), and
the distance between the spray nozzle and the substrates was
300 mm. During spray-coating, the R974 nanoparticles can be embed-
ded into epoxy resin firstly due to the solubility of epoxy resin mono-
mers in ethanol, forming a transition layer of embedded R974
nanoparticles. The R974 nanoparticles can be deposited on the film
of embedded R974 nanoparticles by strong interaction force, and ag-
gregated on the substrates. After spraying for 1 min, the sample was
placed in drying oven (DHG 101-00, Shangyu Huyue instrument
equipment factory, China) for 2 h at 80 °C to cure the epoxy resin, ac-
cording to the commercial product specification. The polymerization
of epoxy resin then served to form a thin layer of glass-like coating
and permanently locked the hydrophobic R974 nanoparticles in
place, improving the adhesion.

The concentration of R974 could influence the morphology of the
coating and finally affected the hydrophobicity of the surfaces, i.e., the
higher concentration of R974 could lead to larger aggregates of R974
nanoparticles. The effect of the R974 concentration (1, 2, 5 and
10 wt%) was studied in this paper.

2.3. Characterization

The wettability of coating surface was evaluated based on the value
of water contact angle (CA), which was measured by the drop method
using a 4 pL water droplet at room temperature. The water CAs of the
samples were measured by OCA 15 Pro goniometer (Dataphysics
GMBH, Germany) and averaged over three different fresh spots on
each sample.

The morphology of the superhydrophobic coating on the substrates
was examined using a Field-emission scanning electron microscope
(JSM-6700F, JEOL, Japan) with an accelerating voltage of 5 kV. The sam-
ples were sputter-coated with gold before imaging.

Similar to previous work [30,39,40], the tape test was used to char-
acter the adhesion between the two-layered hydrophobic coatings
and the substrate (glass slides). Briefly, the double-sided adhesive
foam tape (1.6 mm thick) was adhered to the coatings firstly, and a
100 g weight was rolled over the tape to ensure consistency. The
tape was then peeled back at an angle of approximately 45°, and
the peeling procedure was repeated with a new piece of tape each
time until a total of seven applications of tape were made. The
water contact angles of the coating before and after 1, 3, 5, and 7 ap-
plications of tape were measured, and the morphology of the coat-
ings before and after 7 applications of tape were examined to
evaluate the durability of coatings.

The drag reduction measurements were implemented using rotary
apparatus. A rotary viscometer (NDJ-1, Shanghai Yueping Scientific In-
strument Co., Ltd., China) was used to predict the skin friction drag of
rotor. In order to evaluate the skin friction drag accurately, a custom-
made 200 mm height and 100 mm diameter steel rotor was used at
6 rpm rotation rate (Fig. S1f). The skin friction drag of the hydrophilic
polished stainless steel rotor was measured firstly. Subsequently, the
rotor was coated with epoxy resin, and 2 wt% R974 solution spray-
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Fig. 1. The morphology of the epoxy resin coated glass slide.

Fig. 2. The morphology of the cross section of epoxy resin coated glass slide.

coated on the surface for 1 min to produce the superhydrophobic rotor,
the skin friction drag of superhydrophobic rotor was measured at last.
All the operations were performed at room temperature.

3. Results and discussion

The water contact angle of the control sample coated with epoxy
only was 68.1°, showing that the surface was also hydrophilic after
epoxy resin coating. The morphology of the epoxy resin coated glass
slide was smooth at both microscale and nanoscale (Fig. 1). In Fig. 2,
the SEM image of the cross section of epoxy resin coated glass slide
showed a very smooth and thin layer of epoxy resin, which was around
1 um in thickness.

Fig. 3 shows the morphology of the R974 films spray-coated with
different concentrations of R974. At low concentration (1 wt%,
Fig. 3(a)), the surfaces exhibited a smooth morphology with messy
gaps at the microscale [41], resulting in a larger fraction of air trapped
in the microscale grooves. As the concentration of R974 is increased to
2 wt% (Fig. 3(b)), the width of the messy gaps is larger, and some aggre-
gates of the R974 nanoparticles were deposited on the film. With in-
creasing the concentration of R974 nanoparticles, the epoxy resin pre-
coated substrates are completely covered by a corpuscular layer of
sphere-like R974 aggregates (5 wt%, Fig. 3(c)) and a cybotactic layer
of irregular and sphere-like R974 aggregates (10 wt%, Fig. 3(d)),
which endowed the surface with a highly porous microstructure [21,
33]. Additionally, from the higher magnification images (Fig. S27), the
nanoscale structures was observed more clearly. As shown in the high
magnification image, a compact distribution of R974 nanoparticles at
the nanoscale shows that the presence of nano-scale roughness being
superimposed on the micro-scale morphology of the R974 films. Signif-
icant differences in the surface morphology were noted that a flat, frac-
tal-like texture for coatings sprayed with low concentration as
compared to a rough, porous surface for coatings sprayed with high con-
centration. The results indicated that the hierarchical surface structure
was present in all R974 films, and the necessary rough structures for
superhydrophobicity have been garnered by the spray coating method.

The relationships between morphology and concentration of R974
can be explained by considering the solvent evaporation during spray
atomization and R974 nanoparticles deposition. After atomization, the
R974-ethanol suspension traveled through air from the nozzle to the
substrate in the form of droplets. At lower concentration (1 and
2 wt%), the droplets contained more solvent and only part of solvent

Fig. 3. The morphology of R974 coatings at a R974concentration of (a) 1, (b) 2, (¢) 5, and (d) 10 wt%.
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(a)

Fig. 4. The morphology of the cross section of R974 coatings at a R974 concentration of (a) 1, (b) 2, (c) 5, and (d) 10 wt%.

was evaporated before the droplets impact on the substrate surface. A
“wet” coating with a thin liquid film was formed on the surface of sub-
strate during spray coating, and a relatively smooth film with messy
gaps was formed after drying (Fig. 3 (a) & (b)). In contrast, at higher
concentration (5 and 10 wt%), the droplets contained little solvent
and majority of solvent was evaporated during the time of flight, leading
to large aggregates of R974 nanoparticles and no liquid film was formed,
the aggregates of the R974 nanoparticles on the substrate formed a
“dry” coating (Fig. 3 (c) & (d)) ultimately.

The SEM images of the cross section of glass slide spray-coated by
different R974 concentrations with epoxy resin pre-layer are shown in
Fig. 4. Compared with the images of the cross section of epoxy resin
coated glass slide, a thin and smooth epoxy resin layer was seen clearly
in Fig. 2 without R974 layer. However, a thin and rough R974 coating
was observed on the surface of glass slide, and the R974 layer and
epoxy resin layer were not distinguished clearly in Fig. 4. In the high
magnification images (Fig. S37), more R974 residues were observed to
connect with the R974 layer, and covered on the surface of cross section,
which made it difficult to distinguish the R974 layer and epoxy resin
layer. From another angle, the aggregate force between R974 nanopar-
ticles was strong enough to make the R974 residues connected with
the R974 coating.

To identify the wettability of R974 coating, both qualitative and quan-
titative tests were carried out. The R974 coatings were extremely slippery
relative to water, and the water droplets in the form of beads quickly
rolled off the surface even at a small inclination (as shown in Supplemen-
tary Movie 1), indicating that the observed superhydrophobicity was in
Cassie-Baxter state (in which air trapped in the microscale grooves)
[42]. Fig. 5 shows the relationship between the concentration values of
R974 and the water contact angles on the superhydrophobic coating.
From Fig. 5, it can be seen that the water contact angle is 148.8° when
the R974 concentration was 1 wt%, close to 150°. The water contact
angle was 154.7° as the R974 concentration was increased to 2 wt%, indi-
cating a superhydrophobic surface. This difference can be analyzed by the
Cassie-Baxter model [43], based on which the R974 coating is thought of
comprising of solid and air pockets, and the hydrophobicity is increased
by air trapping. The width of the gaps was about 2 — 4 um at 1 wt%
(Fig. 3(a)) and around 10 um at 2 wt% (Fig. 3(b)), the roughness was

higher for large-scale dense regions with larger gaps, meaning that
more air contacted with water droplet and further generated the
superhydrophobicity of surface. The water contact angle was 153.4° and
152.5° with the increase of R974 concentration, causing by the aggregates
of R974 at the microscale, and forming a highly porous microstructure.
Fig. S47 shows the photographs of water droplets (4 pL) on the epoxy
coated glass slide and the 2 wt% R974 spray-coated superhydrophobic
glass slide, which was consistent with the results of water contact angles.

Fig. 6 shows the photos of R974 coatings on the glass slides, sprayed
by different concentration R974 solutions, before and after the tape test.
From the photos, there were two different parts in each glass slide. The
bottom half of the glass slides was white, indicating the complete coat-
ing of R974 on the surface of pre-coated epoxy film. The upper half of
the glass slides was almost transparent, and the R974 nanoparticles
were impossible to be coated on the surface of the glass slides without
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Fig. 6. Photographs of R974 coatings formed by spraying different solution. (a) before and (e) after one-run tape test (1 wt%), (b) before and (f) after 7-run tape test (2 wt%), (c) before and

(g) after 7-run tape test (5 wt%), (d) before and (h) after 7-run tape test (10 wt%).

the epoxy resin pre-coatings. From another aspect, this phenomenon
indicates that the epoxy resin could enhance the adhesion of the nano-
particles on the substrate as expected [44,45].

Fig. 6 (a) & (e) shows the photographs of the R974 coatings, sprayed
with 1 wt% solution, before and after one application of tape test. Major
parts of the tape were adhered on the R974 coating after tape test,
meaning that the adhesion between the R974 coating and the epoxy
resin pre-coatings was larger than the tensile strength of the foam.
The photographs of the R974 coatings, sprayed with 2 wt% solution, be-
fore and after 7 applications of tape test were shown in Fig. 6 (b)&(f),
there were no obvious change before and after the tape test. From
Fig. 6 (c), (g), (d) & (h), the R974 coatings, sprayed with 5 wt% and
10 wt% solution, were destroyed after 7 applications of tape test, only
parts of the R974 aggregates adhered and remained on the surface of
epoxy resin pre-layer after 7-run tape test.

Fig. 7 shows the water contact angles of the coatings, sprayed with dif-
ferent concentration R974 solutions, before and after 1, 3, 5, 7 applications
of tape test. The water contact angle was around 153° before and after
tape test, as the R974 concentration was 2 wt%. This indicates that the
superhydrophobicity was retained after 7 times tape peeling, indicating
that the coating is robust. However, when the concentration of R974
was increased to 5 and 10 wt%, the water contact angle of the coating
was decreased from 153.4° to 143.7° at 5 wt%, and from 152.5° to 115°
at 10 wt% after the tape test. The results indicate that the R974 coatings
were destroyed, and the surface was changed from superhydrophobic
to hydrophobic after the tape test. According to the above experimental
results, it can be concluded that the most durable coating was fabricated
when the R974 concentration was 2 wt%.

Fig. 8 shows the morphology of the R974 films before and after 7 ap-
plications of tape test at different concentrations of R974. From Fig. 8 (a)
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& (b), it can be seen that only the microparticles of aggregated R974 on
the protrusions adhered to the R974 layer are removed after the tape
peeling, the flat fractal-like aggregated R974 were left behind, meaning

that the interaction between fractal-like aggregated R974 with epoxy
resin coating was large enough to guarantee a stable surface structure,
and the R974 coating was not damaged by the tape peeling. From
Fig. 8 (¢), (d), (e) & (f), it can be seen that many microparticles of aggre-
gated R974 were removed after the tape peeling, suggesting that the
microparticles of aggregated R974 stayed on top of the coating with
weak adhesion. The results show that a ‘wet’ flat coating prepared at
low concentration is mechanically stronger than a ‘dry’ porous coating
prepared at high concentration [33].

The simplified schematic of the multilayer film preparation is shown
in Fig. 9. Two different models were proposed for the fabrication of mul-
tilayer film with low and high concentration of R974 solution. The “wet”
coating with a thin liquid film was formed during spray coating at low
concentration, and the R974 nanoparticles would rearrange themselves
in ethanol by adhesion interactions to form a smooth layer. Because of
the solubility of epoxy resin monomers in ethanol, the R974 nanoparti-
cles contacted the epoxy resin, intended to be embedded into the epoxy
resin. During the drying procedure, the embedded R974 nanoparticles
were locked by the polymerized epoxy resin, and the evaporation of
ethanol led to the formation of a self-assembled R974 fractal-like
layer. The single R974 nanoparticles provide nanoscale roughness, and
the messy gaps provide micro-scale roughness. The necessary rough
structures for superhydrophobicity have been garnered. Because of
the constant aggregate force of two original R974 nanoparticles, the
more contact area means more adhesion force, and the fractal-like

Fig. 8. The morphology of R974 coatings before and after 7-run tape test at different concentrations, 2 wt% before (a) and after (b); 5 wt% before (c) and after (d); 10 wt% before (e) and

after (f).
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aggregated R974 could enhance the bonding strength by the strong sur-
face-to-surface contact mode.

The “dry” coating was formed during the spray coating at high con-
centration, and the spherical and irregular aggregated R974 nanoparti-
cles would adhere on the surface of epoxy. The spherical aggregated
R974 could decrease the bonding strength by the weak point-to-surface
contact mode. The two different models for the fabrication of R974 coat-
ing can explain that the ‘wet’ flat coating prepared by low concentration
was mechanically stronger than the ‘dry’ porous coating prepared by
high concentration.

Additionally, according to the above results, a different substrate
material, the steel piece, was used as a model substrate to demonstrate
the process of the superhydrophobic surface fabrication in experiment.
The photos of water droplet (4 L) on epoxy resin coated and R974
spray-coated steel piece are shown in Fig. S5, the water contact angle
of epoxy resin coated and R974 spray-coated steel piece was 67.8° and
154.5° respectively, indicating that the surface of epoxy resin coated
steel piece changed from hydrophilic to superhydrophobic after 2 wt%
R974 spray-coating. The result illustrates that with the epoxy pre-
layer, R974 spray-coating method could produce superhydrophobic
surface on different substrate materials.

Ignoring the skin friction drag induced by the rotor bottom surface,
the torque moment caused by the skin friction drag on the rotor surface
could be calculated by Eq. (1):

Fxr=kx& (1)

where F is the skin friction drag on the rotor surface, r is the radius of
rotor, k is the coefficient of the balance spring, which is a constant
value to the same balance spring, & is the deflection angle of the balance
spring, which can be read in the dial plate. The skin friction drag on rotor
surface is proportional to the deflection angle of the balance spring. To
experimentally quantify the skin friction drag reduction on different
wetting surface, the drag reduction ratio (Cg) was applied and can be
calculated from Eq. (2):

Co = 1007 = 200 @)

where F, and F; are the skin friction drag on normal surface and
superhydrophobic surface, &, and & are the pointer deflection of nor-
mal surface and superhydrophobic surface.

The water contact angle of polished rotor surface and R974 spray-
coated rotor surface was 13.6° and 154.6° (Fig. S6), indicating that the
rotor surface was changed from hydrophilic to superhydrophobic after
R974 spray-coating. The pointer deflection of the polished stainless
steel rotor and the R974 spray-coated rotor was 62.5 and 55, indicating
that the R974 coated superhydrophobic rotor achieved a 12% frictional
drag reduction when compared with the hydrophilic polished stainless

steel rotor, which is attributed to the shear-reducing air layer entrapped
on the superhydrophobic surface [13].

4. Conclusion

The superhydrophobic coatings were fabricated by spraying the
R974-ethanol suspension onto the dip-coated epoxy resin film on the
glass slide. Because the epoxy resin acted as bonding layer between
the R974 nanoparticles film and the glass slide, a combination of high
bonding strength and superhydrophobicity were achieved, and the
water contact angle of the coating could reach 154.7°. A flat, fractal-
like texture was observed for the coatings sprayed with low R974 con-
centration; and a rough, porous surface for the coatings sprayed with
high R974 concentration. The strong interaction between the fractal-
like aggregated R974 with epoxy resin in the coating with low R974
concentration was due to the strong surface-to-surface contact mode;
while the weak interaction between microparticles of aggregated
R974 with the epoxy resin was caused by the weak point-to-surface
contact mode. The superhydrophobic coatings achieved a 12% frictional
drag reduction in water. This study provides an easy and simple method
to obtain superhydrophobic coatings with high bonding strength.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.surfcoat.2016.09.009.
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