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ABSTRACT

Polydimethylsiloxane (PDMS)-based coatings with superhydrophobic property prepared on various
substrates by applying a suspension of suitable nanoparticles in PDMS have attracted much interest in
industrial applications. Polydimethylsiloxane (PDMS)-silica nanocomposite coatings with different types of
hydrophobic surface treated nanosilica were fabricated by coating a layer of fluoroalkylsilane (FAS) as a
topcoat. The coating solutions of PDMS-silica were prepared by mixing PDMS with hydrophobic fumed
nanosilicas having different surface groups in toluene and applied on to the cleaned aluminum alloy (Al)
substrates by spray coating method. A layer of FAS-topcoat was applied on PDMS-silica hanocomposite
coatings by using two different types of FAS (FAS1 and FAS2). The coated Al substrates were allowed to
cure at room temperature for varying curing times. The effects of hydrophobic nanosilica and FAS types,
and drying time of FAS topcoat on the surface wettability were studied. The molecular structure and
crosslinking reaction of the PDMS-silica nanocomposites was characterized by Fourier transform infrared
spectroscopy (FTIR). The static water contact angles (WCA) of the coatings were measured by sessile drop
method using a contact angle analyzer. The PDMS-silica coatings having different types of hydrophobic
silica with FAS1 topcoat were found superhydrophobic with static WCA of >150°.

Keywords: Superhydrophobic Coating, Polydimethylsiloxane, Fumed Nanosilica, Al surface, Water
Conract Angle

1. INTRODUCTION geometrical microstructures. Surfaces with high

- . . energy, formed by polar molecules, tend to be
Superhydrophobicity has taken great interest for its hydrophilic, whereas those with low energy and

self-cleaning character and superhydrophobic (SH) built of non-polar molecules tend to be
surfaces have extensive technological potential for hydrophobic

various applications due to their extreme water-

repellent properties [1-5]. Generally, a surface with ~ Polymer nanocomposites have been fabricated to
a water contact angle (WCA) larger than 150" anda  obtain the SH surfaces due to their distinctive
roll-off angle less than 10 is defined as advantages like facility of processing, cost
superhydrophobic surface which also exhibit a self-  efficiency, and feasibility of application over large
cleaning effect and low drag for fluid flow. These  area. It was demonstrated that it is possible to
surfaces are of interest in various applications, obtain SH surfaces by incorporating nanoparticles
including self-cleaning windows, exterior paints for ~ in  low  surface energy  polymers like
buildings, navigation ships, textiles, and  polydimethylsiloxane (PDMS) [10-12]. PDMS
applications requiring a reduction in fluid flow, polymer has been intensively studied for their
e.g., in micro/nanochannels and hence promote  unique properties, such as hydrophobicity,
cleaning on outdoor surfaces such as automobiles, ~ excellent thermal stability, low glass transition
buildings, antennas and traffic lights [6-9]. temperature, good electrical properties, good
Extremely  water-repellent  superhydrophobic ~ weather resistance, low surface free energy, low
surfaces can be produced by using roughness  toxicity and low chemical reactivity [13-17].
combined with hydrophobic coatings. The PDMS is a typical elastomeric material with low
wettability of a solid surface depends on both  surface energy of about 20 mN/m. Recently, it has
surface chemical composition and surface also been introduced into micro-fluidic devices as
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channels. Flat PDMS surface has intrinsic
hydrophobicity with WCA of about 100-110° [18].
The chemical inertness of PDMS makes it useful in
a variety of applications in automotive fields,
microelectronic areas, aerospace and construction
industries [16,19]. A large number of commercial
PDMS products, such as sealants, adhesives,
membrane and elastomers have been found in
everywhere. In these products, silica has been
broadly used as reinforcing agent to improve
mechanical properties of PDMS matrix due to its
inherent weak intermolecular force [20].

PDMS nanocomposite coatings with SH property
have been developed by several researcher [21, 22].
PDMS-nanoparticle coatings which exhibit water
repellency have been reported to impart
superhydrophobicity to monument surfaces using
common and cost-effective materials [21]. PDMS
nanocomposite coatings filled with hydrophobic
nanosilica have prepared by dispersing of silica
nanoparticles in the silicone matrix [19,11].
Momen et al. have reported to apply a PDMS
coating based on RTV silicone rubber on anodized
aluminum surfaces to obtain a nanostructured
superhydrophobic surface [12].

In most of the previous studies, hydrophilic

nanosilica particles or in situ prepared
hydrophobic nanosilica was incorporated in
PDMS matrix to create roughness and

subsequently treated with FAS to reduce surface
energy of the films [9-11]. In our present work,
superhydrophobic PDMS-silica nanocomposite
coatings with a topcoat of low surface energy
fluoroalkylsilane (FAS) were fabricated by using
different types of hydrophobically modified fumed
silica nanoparticles containing different surface
functional groups dispersed in RTV silicon matrix
on Al substrate by spray coating. The effect of
microstructure and roughness on the wettability of
the nanocomposite coatings was studied. The
wetting property of the coating surface was
determined by static water contact angle
measurements. The chemical compositions of the
as-prepared films on aluminum substrates were
analyzed using a Fourier transform infrared
spectroscopy (FTIR). The optimal process
conditions of nanocomposite coatings, such as
drying time, and the surface group types of
nanosilica were investigated for the
superhydrophobic properties of coated Al surfaces.

2. EXPERIMENTAL STUDY:
2.1 Materials

PDMS (RTV 615 type) was obtained from GE
Bayer Silicones (Germany) as a two-component
system, consisting of a vinyl-terminated pre-
polymer (RTV A) and a crosslinker containing
several hydrosilane groups (RTV B). Dynasylan®
F8263 (FASL, fluoroalkylsilane formulation, ready-
to-use in isopropanol) and Dynasylan® F8261
(FAS2, tridecafluorooctyl triethoxysilane,
CF3(CF,)sCH,CH,Si(OR);) were purchased from
Evonik, Germany, and toluene from Merck
Chemicals. Dibutyl tin dilaurate (DBTDL) was
purchased from Fluka. Hydrophobic fumed silica
nanoparticles having different surface groups
(CAB-O-SIL® types; TS-530; TS-610, and TS-720)
were supplied from Cabot Sanmar Ltd, USA. The
typical properties and hydrophobic surface groups
of the treated grades of CAB-O-SIL® fumed silica
recommended for coatings are shown in Table 1
and Fig. 1.

Table 1. Typical Properties of Surface Treated
Hydrophobic Fumed Nanosilicas [22].

CAB-O-  Surface Treating Agent BET pH Carbon
SIL® Surface (4%  Content
fumed Area slurry) (wt.%)
silica code (m?g)
TS-530 Hexamethyldisilazane 320 55 4.25
TS-610 Dimethyldichlorosilane 130 >40 0.85
TS-720 Dimethylsilicone Fluid 200 NA 5.4
CHy
|
CHy - Si - CHy
%) : CHy CH; o
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Figure 1. Surface Chemistry of CAB-O-SIL®
Hydrophobically Treated Fumed Silicas.

2.2 Preparation of PDMS-Silica Nanocomposite
Coatings with Different Types of Treated Fumed
Silica

PDMS solution (10 wt. %) was prepared by mixing
PDMS RTV 615 A (10.0 g) with toluene (90 ml) till
a homogenous clear solution was obtained and
making up to 100 ml. Dynasylan® 8263 was used as
FAS1 directly. FAS2 solution (2 wt. %) was
prepared by dissolving 0.20 g of Dynasylan® 8261
in 10 ml ethanol. PDMS-silica solution was
prepared by mixing the PDMS solution (5 ml) with
ultrasonically dispersed solution of fumed silica
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(0.20 g) in toluene. DBTDL (4 wt. %) was added to
this solution and further stirred magnetically for 1
h. The final solution of PDMS-silica dispersion was
applied on to the cleaned aluminum (Al) substrates
by spraying technic using a spray gun with 1.0 mm
diameter nozzle. The atomizing air pressure was
maintained at about 2 atm. The coated Al substrates
were cured for 24 h at room temperature. After that,
two types of FAS topcoat were applied on PDMS-
silica nanocomposite coatings by spraying of FAS1
and FAS2 solutions in double passes to incorporate
sufficient amount of FAS in the topcoat. All
coatings with FAS double layer topcoat were dried
at room temperature for 1 h and 24 h and heated at
100°C for 1 h. A group of coatings were
immediately heated at 100°C for 1 h after FAS
coating without drying at room temperature.

2.3 Characterization of PDMS-Silica
Nanocomposite Coatings

Fourier Transform infrared spectroscopy (FTIR)
spectra of the samples were measured using KBr
pellet technique with an infrared analyzer. The
chemical structures of PDMS nanocomposites were
analyzed by wusing a Nicolet NEXUS 670
Spectrometer by attenuated total reflection infrared
spectroscopy (ATR-IR).

WCA of the coatings were measured by sessile
drop method using a contact angle analyzer, (KSV
Theta Attention). Measurements were made using
tangent line-fitting mode. The drop volume for
WCA measurements was 10 pl. Deionized milli Q
water (surface tension: 71 mN/m) was used for
measurements. An average of five measurements
was taken for reporting WCA and the error in
measurements were within +2°. The static contact
angles are measured to study the wetting property
of the hydrophobic coatings. There are different
models prescribed on the wetting phenomenon by
Young, Wenzel and Cassie-Baxter (Fig. 2). The
wettability of an ideal flat surface in terms of water
contact angle is described by the Young's equation

(Eq. 1);
cos(0y) = (Ysg — Vs1 )Yig (Eq.1)

where ysg, ysl and ylg represent the interfacial
tensions of solid-gas, solid-liquid and liquid-gas
respectively. Typically, the observed surfaces are
not ideally flat but they are rough. Wenzel modified
Young's formula (Eg. 2) by assuming that the liquid
filled up the protrusions on the rough surface as
shown Fig. 2a;

cos(Bw) =r cos (Oy ) (Eq. 2)

21

where 0y, Oy are the Wenzel's and Young's contact
angle and r is termed as the roughness factor.
Roughness factor is defined as the ratio of the
actual area of a rough surface to the projected area
on the horizontal plane. Thus surface roughness
plays an important role in determining the wetting
behavior along with the chemical composition. It
enhances the hydrophobicity of the surface with
0y>90° and hydrophilicity of the surface with
0y<90°. For the heterogeneous wetting where the
surface is in contact with liquid forms a composite
of the air and solid, Cassie-Baxter modified
Wenzel's equation (Eq. 3) as;

cos Oc=—1 +rf(cos By + 1) (Eq. 3)

where 0¢ is the Cassie's contact angle and f is the
contact area between water droplet and the solid
surface. This equation gives the contact angle for
rough surface with air trapped between the grooves
on the surfaces and the droplet rests on a composite
of the solid and air as shown in Fig. 2b. The range
of applicability of Wenzel's or Cassie—Baxter's
equation is decided by using Pierre-Gilles de
Gennes equation for threshold roughness r, for air
trapping (Eq. 4).

r = 1+ [(tan?0)/4] (Eq. 4)

For low surface roughness (r<ry), the contact angle
is given by Wenzel's equation and beyond the
threshold roughness (r>ry), air pockets are trapped
and Cassie—Baxter's equation must be used to
evaluate the contact angle. These two are the
widely studied wetting states but a very little
attention is paid to the surfaces where even though
the contact angle is large, water drop sticks to the
surface. It was also demonstrated that at least one
more wetting state exists on the textured surfaces
namely Cassie impregnated wetting state. Where a
liquid film impregnates a texture ahead of the
droplet protrusions are filled with liquid and the
solid surface ahead of the droplet is dry, as depicted
in Fig. 2c.

L,
I \ [ ' “-
1 Az pockms b " ;.\:{:/ <

Figure 2. Different Models of Wetting States; (a) Wenzel,
(b) Cassie-Baxter, (c) Cassie Impregnated Wetting State.

3. RESULTS AND DISCUSSION
3.1. Static Water Contact Angle Measurement

Table 2 lists the water contact angle of the
hydrophobic and  superhydrophobic  coatings
studied in the present work. The WCA of bare
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aluminum alloy surface also was hydrophilic with
WCA of 67° £ 2 indicating the hydrophilic nature
of this surface. The WCA of PDMS (room
temperature vulcanized silicon rubber, RTV615)
was 105° £ 1.5 which clearly showed that this
surface was hydrophobic. On the other hand, the
PDMS-silica nanocomposite coatings prepared with
FAS1 topcoat and different types of nanosilica

containing different hydrophobic surface groups
were superhydrophobic with WCA of >150. The
WCAs of PDMS-silica coatings with FAS1 and
FAS2 topcoats prepared by different types of
hydrophobic surface treated silica were measured
between 163° and 126°.

Table 2. WCAs of PDMS-Silica Nanocomposite Coatings Prepared by Different Types of
Hydrophobic Nanosilica with Varying Drying Time.

Coating code Drying Time of FAS Topcoat (h) WCA (0°)
PDMS-530- FAS1 0 163
PDMS-530- FAS1 1 152
PDMS-530- FAS1 24 147
PDMS-610- FAS1 0 157
PDMS-610- FAS1 1 147
PDMS-610- FAS1 24 151
PDMS-720- FAS1 0 144
PDMS-720- FAS1 1 145
PDMS-720- FAS1 24 135
PDMS-530- FAS2 0 145
PDMS-530- FAS2 1 137
PDMS-530- FAS2 24 132
PDMS-610- FAS2 0 143
PDMS-610- FAS2 1 138
PDMS-610- FAS2 24 128
PDMS-720- FAS2 0 138
PDMS-720- FAS2 1 128
PDMS-720- FAS2 24 126

PDMS-silica coatings with FAS1 topcoat showed an

increase in WCA for all types of treated fumed silica

in the same drying time with respect to the coatings Images of water drop on PDMS-silica

with FAS2 topcoat prepared for all drying times.
Fig. 3 depicts the WCA variation of PDMS-silica
nanocomposite coatings having FAS topcoat with
drying time. It can be seen that the WCA of PDMS-
silica nanocomposite coatings having FAS topcoat
almost linearly decreased with an increase in drying
time for FAS1 and FAS2. The FAS topcoating on
PDMS-silica nanocomposite coatings prepared by
the different types of treated silica had formed a
relatively higher nanoroughness on the surface of
PDMS-silica coating with FAS1 for each silica type.
The smaller the drying time of PDMS-silica coatings
with FAS topcoat led to the higher the WCA of
PDMS-silica coating. It can be attributed that the
formation of FAS topcoating for both FAS1 and
FAS2 without drying was completed quite easily
than that of FAS coating for drying time of 1 and 24
h at room temperature.

22

nanocomposite coatings with FAS1 topcoat prepared
by three different types of surface treated silica are
shown in Fig. 4. For all silica types, the WCA values
of PDMS-silica nanocomposite coatings prepared by
FAS1 topcoat were found to be higher according to
that of the coating prepared by FAS2 for all drying
times. The PDMS-silica coatings with FAS1
topcoats prepared with silica TS-530, -610 and -720
without drying time were superhydrophobic with
static WCA of 163°, 157°, and 145°, respectively.
The WCAs of the PDMS-silica coatings with FAS1
topcoats prepared with silica TS-530 and -610 was
found to improve with increasing the surface area of
silica type. WCA value of PDMS-silica coating with
FAS1 topcoat prepared with silica TS-720 showed a
decrease in WCAs for all drying times. It can be
attributed that the big surface groups and the smaller
surface area of silica TS-720 inhibited the
impregnation of silica particles into the PDMS
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matrix and the particles were not to be surrounded
by PDMS polymer chains.
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Figure 3. The WCAs Variation of PDMS-Silica Nanocomposite Coatings with the Drying Time.
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3.2. FTIR Characterization of PDMS-silica
Nanocomposites

The FTIR spectroscopy is a powerful tool that
combines enhanced visualization of chemical
information which was used to investigate the
functional groups present in the coatings. The FTIR
spectra of coatings were obtained by detaching
coatings from the substrate and spectra were
recorded in transmission mode using the detached
powder.

Typical PDMS formulations are polymerized by
mixing a “base”, consisting mainly of long PDMS
monomers capped by vinyl groups, with a “curing
agent”, consisting of shorter PDMS monomers with
silicon hydride groups [24-26]. It is a two-
component system: (a) RTV A that contains a
dimethylvinyl terminated pre-polymer and the Pt-
catalyst, and (b) RTV B that contains the cross-
linker with several hydride groups. When mixed
with a platinum catalyst, the liquid polymerizes
resulting from the addition of silicon hydrides across
vinylic double bonds. The curing of the PDMS
(RTV 615) was occurred via Pt-catalysed
hydrosilylation reaction to form a densely cross-
linked polymer network. The hydrosilylation
(addition reaction) relies on the ability of the
hydrosilane bond of the crosslinker (=SiH) to add
across a carbon-carbon double bond that belongs to
the pre-polymer in the presence of Pt catalyst (Fig.
5)[28]. In the ideal case, the SiH may react only with
the —.CH=CH, groups along the prepolymer chains,
allowing a good control over the crosslinks
distribution.

24
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Figure 4. Images of Water Drop on PDMS-Silica Nanocomposite Coatings Prepared by FAS1 Topcoat and Different
Types of Hydrophobic Silica without Drying Time.

Figure 5. Scheme of the Crosslinking Reaction for the
Silicon Network Formation of Polydimethylsiloxane (RTV
615 A and B) [27].

Fig. 6 presents infrared spectra of crosslinked
PDMS. The IR spectrum of PDMS contains the
typical peaks of the C-H methyl stretch at 2965 cm™?,
the C=C stretch at 1480 cm™, the silicon-methyl
bond (Si-CH; deformation) at the range of 1260-
1280 cm™, and 805 cm™, and two broad Si-O-Si
stretches at 1100 cm™[28,29]. The unreacted vinyl
and hydrosilane (SiH) groups (after crosslinking)
can be determined by the presence of absorption
band at 1410 cm™ (for vinyl) and 2140 cm™ (for
SiH) [30].
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Figure 6. Infrared Spectra of Crosslinked PDMS [28].

The FTIR spectra shown in Fig. 7a and b consist of
bands related to the vibrations and deformation of
both  fumed nanosilicas and PDMS-silica
nanocomposites structural units. Fig. 7b displays
intense absorption peak for spectra of a values at

CAB.O 51 TS ™20 ¥

CABO ML T5.410 ! | A/

CADO NI TS 530

Transmittamce {%9)

@)

Wave sumber {cm-V)

Tramsmittance (%)

1090 cm™, which is due to Si-O-Si asymmetric
stretching vibration indicating the presence of silica
network in the coatings. The Si-O-Si peak splits into
bands separated at 1020 cm™ and 1090 cm™.
Appearance of the peak between 3100 cm™ and
3500 cm™ is due to the stretching vibration of
hydroxyl — group, indicates an incomplete
condensation of the Si-OH in the hybrid matrix and
the peak at around 1700 cm™ is due to physically
adsorbed water. The weak bands observed from
2960 cm™ to 3000 cm™ for all spectra are assigned
to, symmetric and asymmetric stretching of C-H
bond respectively and a band at 1300 cm™ is due to
the bending of C-H. The characteristic absorption
bands of the CH3 groups for PDMS at near 2980,
1390, 1255 and 780cm™ were observed in the FTIR
spectra of the PDMS-silica coatings.

POMES Saen 18 "0

FEIVES. Sl TS €04 ! r

PO IS Ses TH50

(b)

Wave sumber (cm-1)

Figure 7. FTIR Spectrums of; a) Fumed Silicas, and b) PDMS-Silica Coatings with FAS1 Topcoat Prepared by
Different Types of Fumed Silica without Drying.

4. CONCLUSION

A type of the PDMS-silica nanocomposite coatings
with FAS topcoat formed by the two different types
of FAS solution on Al surface was prepared by
using the different types of treated fumed silica with
varying drying times. WCAs of PDMS-silica
coatings with FAS topcoat prepared by different
types of hydrophobic treated silica were found
between 163° and 126°. The PDMS-silica
nanocomposite coatings with FAS topcoat possessed
the good superhydrophobicity for the coatings
prepared by FAS1 solution at 100°C without drying
time. The PDMS-silica coatings with FAS1 topcoats
prepared with silica TS-530, -610 and -720 were
superhydrophobic with static WCA of 163°, 157°,
and 145°, respectively. The WCAs of the PDMS-
silica coatings with FAS1 topcoats prepared with

silica TS-530 and -610 was found to improve with
increasing the surface area of fumed nanosilica and
the types of silica surface groups. The analysis
through FTIR indicated that silica particles were
dispersed in PDMS matrix. These coatings can be
applied by spraying on larger area of Al substrates.

Therefore, it is a simple and cost-effective method to
obtain superhydrophobic surfaces.
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