eXPRESS Polymer Letters Vol.7, No.11 (2013) 900–909
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2013.88

Controlled anisotropic wetting behaviour of multi-scale
slippery surface structure of non fluoro polymer composite
B. N. Sahoo, B. Kandasubramanian*, B. Sabarish
Department of Materials Engineering, Defence Institute of Advanced Technology, Girinagar, 411025 Pune, India
Received 2 May 2013; accepted in revised form 22 July 2013

Abstract. A facile process for in-situ modification of surface properties of Waste Expanded Polystyrene (WEP)/graphite
film produced by spin coating technique has been described. The additives undergo spontaneous surface agglomeration with
formation of islands of forest of flake structure during the spinning process. This results in polymer films with enhanced
roughness and highly hydrophobic surfaces. Wettability was analyzed using static water contact angle, surface morphology
was observed using atomic force microscopy (AFM) and field emission scanning electron microscopy (FE-SEM). The
polymer composite exhibited maximum water contact angle (WCA) of 129°. Surface texture reveals the variation of surface roughness which enables anisotropic surface wettability property. The present work exhibits promising approach for
fabricating nano flake forest in polymer structures for various industrial applications.
Keywords: polymer composites, recycling, coatings, thin film, flake

1. Introduction

Inspired by biological materials, effort has been
made to replicate similar technology. Active research
on wettability property finds tremendous applications in key industries and in daily life, which is
precisely controlled by geometrical pattern and chemical composition of the surface. The self-cleaning
property of good water repellent surface with water
contact angle of more than 150° and angle of hysteresis less than 10° has stimulated researchers to
replicate multifunctional properties of natural materials for fabricating artificial superhydrophobic surfaces [1–4]. The water wettability is determined by
water-material interaction and surface morphology
[5]. Superhydrophobic surfaces have received great
interest due to their multifunctional applications in
different areas such as self-cleaning, anticorrosion,
drag reduction, ice-mitigation, window glasses, antiicing textile, micro/macro fluid channels, optical
devices, electronic and photonic material chemical

sensors etc. [6–11]. Slippery surfaces are generally
obtained by a combination of low surface energy
materials and hierarchal structures, with trapped air
pockets on which water droplets forms a liquid ball
[12–17]. Earlier investigations on the surface texture of hydrophobicity were reported in terms of
Wenzel and Cassie-Baxter model considering the
water wettability of solid surface. Since then, low
surface energy materials and fabrication techniques
have been explored to design and create superhydrophobic surfaces [18, 19].
Nanostructured superhydrophobic surfaces have
been fabricated using silica based materials and
tridecafluoro-1,1,2,2-tetrahydrooctyldimethylchlorosilane (TFCS, CF3(CF2)5(CH2)2(CH3)2SiCl) through
dip coating technique [20]. Shang et al. [21] have
fabricated superhydrophobic silica film on glass
substrates using polystyrene particles and DFMS
(dodecafluoroheptyl-methyl-dimethoxysilane) as
low surface energy material. Superhydrophobic sur-
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faces using sodium chloride, sodium nitrate followed by fluorination treatment exhibiting water
contact angle of 166° [22, 23]. Each technique so far
invented requires significant advancement and innovation in fabrication process and materials for real
and exact industrial applications of superhydrophobic surfaces.
Considerable attention has been drawn on fabrication of hydrophobic surface using polymer/clay
nanocomposite structures. Uniformly dispersed clay
either as intercalated or delaminated results in nanocomposite formation however, non-dispersed clay
shows no formation of nanocomposites. Enhancement of mechanical properties leads to the formation of exfoliated nanocomposite as compared to
those observed for intercalated systems. It has been
suggested that layered materials may be beneficial
for the enhancement of polymer properties. Once
clay materials are dispersed uniformly in a polymer
matrix, the properties can be largely enhanced [24,
25]. Graphite as a layered structured material demonstrates enhancement of properties. It consists of carbon layers in an alternate stacking sequence with
covalently bonded carbon atoms in a hexagonal
arrangement within the layers. The typical d-spacing between the carbon layers in graphite is approximately 0.335 nm [24, 25]. Graphite and graphite
powder are valued in industrial applications due to
its lubricating properties. Based on these observations, it would be assumed that there should be
improvement of properties observed for the graphitepolymer composites. Micron sized particles are
indispensable materials for industries due to their
unique size dependent properties (such as optical,
mechanical, and electrical) largely differ from their
bulk materials. Such particles have a different tendency for adhesion and aggregation, thus it is necessary to control their aggregation/dispersion phenomena in order to use them in functional materials
and final products. However, controlling the stability of suspension in organic media is still a challenging issue [26–31].
WEP is extensively used as thermal insulation, due
to its moisture resistance, lifetime durability and
flame retardancy. It is the largest commodity polymer with total demand more than 80 million tonnes
per annum. Most of the used WEP materials are not
recycled effectively and hence pose serious disposal issues. However, the impact of WEP on the

environment has drawn a great interest. The present
work focuses on the study of wettability property of
WEP which is used as binder and graphite powder
as additive for investigating the hydrophobic properties. Literature reports the use of fluoropolymers
or organic/inorganic materials to achieve highly
hydrophobic surfaces. We have proposed an alternative cost-effective versatile method for achieving
hydrophobic surfaces without fluorination treatment.

2. Experimental
2.1. Materials

Graphite powder (250 µm, 99.99%), toluene (anhydrous, 99.8%), acetone (ACS reagent, !99.5%), and
ethanol (ACS reagent, !99.5% (200 proof), absolute)
were purchased from Sigma–Aldrich (India) and
used as received. Glass slides (30"#"35"#"3 mm) were
received from Fisher Scientific (India). WEP having excellent properties such as thermal insulation,
water resistance, compressive strength, non-abrasive to delicate parts are procured from POLYFOAM Corporation (USA) and used as received.

2.2. Procedure for cleaning glass slides
Glass slides were ultrasonicated (Sonicator ModelEI-6LH-SP, Sl. No- 1209-122, India) at 20 kHz and
20 W in 20 mL ethanol for 15 min followed by ultrasonication with deionised water twice for next
5 min [32]. These cleaned glass slides were ready
for use as substrates for hydrophobic coating.
2.3. Preparation of homogeneous WEP
composites
In a typical process for fabrication of polystyrene
blend, varying concentration of WEP (2–6 g) was
mixed with 10 mL toluene. The viscosity of resulted
solution was measured by Brookfield Viscometer.
Appropriate amount of graphite powder (1–7 wt%)
was dispersed in WEP solution followed by ultrasonication at 40 °C. The viscosity of 2 g WEP in
10 mL toluene was observed to be 900 mPa·s consistency. It is observed that viscosity of samples
increases drastically with increase in concentration
of WEP (3 to 6 g). Since solvent evaporation is high
during the spin coating process, higher viscosity of
the solution results in non-uniform layer on the substrate. For achieving uniform thin layer on the glass
slide, it is necessary to control the viscosity of the
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solution. It was observed that viscosity imparted by
mixture of 2 g WEP in 10 mL toluene is suitable for
formation of uniform thin layer on substrate.

2.4. Fabrication of hydrophobic coating
The optimized WEP/graphite solution was spin
coated on a cleaned glass slide using spin coater,
(Holmarc Model No. HO-TH-05, India). Briefly,
two drops of solution were placed on a glass slide
and spin coated at 2000 rpm for 90 sec. This step is
repeated thrice for fabrication of a dense layer on
the surface of the substrate. The thickness of spin
coated samples was optimized to 20 micron and
was maintained for comparative study of wettability property. Figure 1 illustrates schematically the
fabrication process for formation of hydrophobic
coating on the glass substrates.

minimum height of 54 mm ensuring that no air bubbles are trapped. The tubes were capped to prevent
drying of samples. For accurate results, the tubes
were filled to the same volume. Initially, the bulk
relaxation time (T1) of pure solvent (toluene)
expressed in ms was quantified and saved as reference value for determining the relaxation time (T2)
for polymer composite (EPF/graphite 4 wt%, and
WEP/graphite 5 wt%). Surface wettability property
of the samples was measured by the sessile drop technique [33]. The water contact angle (WCA) measurements were carried out on a Krüss DSA100
(Germany) contact angle goniometer with deionised
water at an ambient temperature. During water contact angle measurement, 4 µL of DI water was delivered from the syringe to form a sessile drop on the
surface of the glass slide. An average of five measurements was used for the analysis.

3. Results and discussion

Figure 1. Schematic representation of the process for fabrication WEP film

2.5. Films characterization
The thickness of the coated layer was measured by
3D non contact surface profile (NewView™ 7100,
Middlefield, USA). The morphology of the samples
was observed using FE-SEM (JSM-6700F, JEOL,
Japan). The roughness of the resulted coatings was
evaluated using AFM (Asylum research, an Oxford
Instrument company, UK) in tapping mode. The stability of the dispersed graphite powder in the polymer blend was monitored by the surface area analyzer (XiGo Nano Tools, Acorn Area, UK). This
instrument was used for characterizing the stability
of micro/nano sized particles present in the solution
for fixed time duration. The stability of particles in
the solution leads to homogeneous dispersion of
particles i.e. particles do not aggregate or settle at
the stipulated time period. The stability of the solvent (toluene), WEP/toluene, WEP/toluene/graphite
was individually measured using the Acorn Area
software version 0.82. These measurements were
carried out in NMR tubes having outer diameter
5 mm. 0.5 mL samples were placed in different
NMR tubes such that the tubes are filled till the

Surface modification of the particles is required to
achieve enhanced stability of micron-sized particles
in liquid media. This is done by introducing polymeric materials to generate an effective steric repulsive force from the polymer chains. This repulsive
force increases the surface charge which controls
the suspension rate of particles in the liquid medium.
The nature of polymeric materials (hyrophilic/
hydrophobic) also plays a major role for generation
of steric repulsive force for effective dispersion and
stability of particles. For dispersion of hydrophobic
powders such as SiC, CNT, Coal, etc., polymers with
hydrophilic group or hydrophobic groups are often
used as a surfactant. For hydrophobic surface modification of particles is a well-known technique for
obtaining good dispersion and stability. The hydrophobic segments aids in adsorption of dispersant on
to hydrophobic particles. Aromatic compounds such
as styrene is used to make an effective adsorption of
hydrophobic particles by means of hydrophobic and
pi-pi interactions [34–37]. PEI (polyethyleneimine)
is also used as hydrophobic segments, which is
known to improve the stability of SiC and CNT in
aqueous media by PEI [38]. Uhl and Wilkie [24] and
Min et al. [25] have reported that parallel hexagonal
networks of carbon atoms in graphite sheet are held
together at certain spacing by weak van der Waals
forces. During sonication process, (20 kHz and
20 W) the individual layer of hexagonal network of
carbon atoms in graphite particles are detached eas902
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ily due to weak van der Waals forces which leads to
reduction in particle size from 250 to less than
50 µm which was confirmed in FESEM micrographs
(Figure 2a–2b). Hence, sonication was contunued
for 45 min. However, in the present WEP/graphite
composite no charge effect was observed. Toluene is
a nonpolar solvent, there is no steric effect and
charge formation. Aggregation of small sized
graphite particles (<50 µm) occurs in the solution,
which has strong impact on the morphology of the
films. These flakes are deposited during spin coating process and forms islands of flakes. During sonication homogeneous dispersion occurs, which has
stability up to 30 min. Aggregation occurs during
spin coating which results in formation of islands of
flakes. These islands enhance the surface roughness
which increases the hydrophobicity surface. The
quality of dispersion of particles in the NMR tubes
affects the suspension of graphite particles in the
composite. 4 and 5 wt% graphite in WEP blend
showed good dispersion of particles for 30 min.
However, suspension of graphite particles from
WEP/4 wt% graphite was found to be better as
compared to suspension of graphite particles in
WEP/5 wt% graphite. This is due to settling of
graphite from WEP/5$wt% graphite, which leads to
variation in the relaxation time as shown in Figure 3.

Uniform relaxation time was observed for
WEP/4 wt% graphite confirming no aggregation or
settling of particles. Thus the relaxation time
required for settling of particles was measured
through surface area analyzer and used to study the
stability of particles in solution. These experimental
results facilitate correlation of surface morphology
of polymer film with wettability property.
Polymer films with uniform thickness of 20 µm thin
film were fabricated using spin coater were fabricated using varied concentration of additives. The
effect of concentration of additives on the water contact angle as shown in Figure 4 presents stepwise
loss of hydrophilic property with increase in weight
percentage of graphite powder. With 1 wt% graphite
in the blend, WCA enhances from 89 to 98°. Further increase in graphite concentration to 2 wt%,
WCA shows marginally increase in WCA from 98
to 101°. With 3 and 5 wt%, WCA was obtained to
be 104 and 119° respectively which shows better
hydrophobicity. Decrease in WCA was observed with
further increase in graphite content. WCA in however increased from 119 to 129° with an increase in
thickness of the film from 20 to 30 µm on the glass
slide. This increase in hydrophobicity of film correlates the surface morphology of the developed film
with different concentration of graphite loading.
The wetting behaviour of the surface depends upon
the surface chemistry and surface topology. The
surface topology follows the Wenzel and CassieBaxter water contact model, in which surface roughness increases the apparent water contact angle. For
hydrophilic surfaces, the interaction between the
substrate surface and water is favoured but for hydrophobic surfaces, this interaction is prevented due to
the presence of surface roughness resulting in spontaneous increase in water contact angle. Systemati-

Figure 3. Stability test of graphite powders of 4 wt% and
5 wt% in the polymer solution

Figure 4. Effect of the different concentration of graphite
on water contact angle

Figure 2. (a) SEM of graphite as supplied, (b) SEM of
ultrasonicated graphite
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cally study the surface morphology of blend films
were studied by formation of layer by layer of stable surface of graphite with WEP was generated on
the surface of etched glass by spin coating technique. Surface roughness is a measure of the texture
of the surface. It is quantified by the vertical deviation of the real surface from its ideal surface. The
double layer structure improves the surface roughness as compared to single layer structure. When
second layer structure is introduced over the single
layer structure, the deposition of graphite particles
takes place over the top first layer, which enhances
roughness factor. This phenomenon is based on
Wenzel Equation (1) [18]:
cos(!w) = rcos!

(1)

where ! is the maximum WCA observed, r is the
theoretical roughness calculated and !w is Wenzel
water contact angle. The arithmetic mean height of
surface along Z axis, of double layer structure is
more than the single layer structure and hence hydrophobicity increases. The aggregation of graphite
flakes occurs over each layer and arithmetic mean
height of surface along Z axis is enhanced. The
mean height affects the roughness (r) of the surface
and hence hydrophobicity is enhanced. Table 1 presents gradual increase in WCA with increase in r values indicating WCA is related to air fraction on the
surface.
FESEM studies of the polymer films revealed the
evolution of different morphological images as
shown in Figure 5. By spin coating, the solution of
intrinsically hydrophobic polystyrene smooth film
is formed on the surface of glass substrate. Previous
studies regarding multiscale structures especially
micro-nano scale structures, which are advantaTable 1. Water contact angle and roughness of the surface
of different polymer blends
Concentration
Average
Average
Water contact
of graphite roughness, Sa height of peak
angle
[wt%]
[nm]
[nm]
[°]
0
20.009
14
89
1
80.141
30
98
2
86.418
40
101
3
88.064
65
104
4
93.567
79
108
5
109.078
110
119
6
104.560
102
115
7
95.120
80
110

geous for obtaining hydrophobicity have been discussed using Wenzel and Cassie–Baxter models.
Figure 5a, reveals the presence of large number of
micro-sized particles on the surface. Aggregation of
the particles was observed with 1 wt% graphite in
the blend. Aggregation of the microsize particles
and increase in the number of flakes was observed
with 2 wt% graphite [39, 40]. The magnified image
(Figure 5b) reveals more aggregation of graphite
particles and enhanced non-wettability property.
Similarly, the multiscale slippery surface is revealed
with an increase in concentration of graphite from 2
to 3 wt% as shown in Figure 5c. Islands of flakes
forest was observed (Figure 5d) with 4 wt% graphite
which covers maximum are of the film and is the
result of aggregation of graphite [41, 42]. With
graphite content of 5 wt%, the entire surface was
observed to be covered with large number of islandlike surface structures. These islands are composed
of forest of flakes, and these flakes originates from
the balance of spin rate and time duration, which
results in the enhancement of hydrophobicity as
shown in Figure 5e. This island enhances the roughness of the substrate. The water contact angle is
increased due to roughness factor (r) and hence
water repellent property improved. Since large numbers of air pockets are trapped between these flakes,
they result in enhancement of surface roughness on
an island. FESEM image (Figure 5e) of spin coated
specimen shows the presence of large number of
islands indicating increased surface roughness. Thus,
the micro scale structure with formation of forest of
flakes, during the spin coating process provides
more roughness for obtaining hydrophobicity [40].
Marginal decrease in WCA was observed with
7 wt% graphite polymer blend. Similalr behaviour
was reported by Manoudis et al. and Ramaratnam et
al. [43, 44]. Separation between the flakes in a single island decreased with the introduction of more
flakes. It results in less trapping of air pockets and
surface roughness will gradually loosen. However
enhancement in WCA observed with 5 wt% graphite
with introduction of the fourth layer on the glass
surface as shown in Figure 6a reveals the formation
of more islands and drastic enhancement of in
roughness value.
To examine the influence of surface topology on
wettability property, AFM analysis was adopted as
shown in Figure 7. The images reveal that the
islands are composed of a large number of flake
904
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Figure 5. FE-SEM images of the WEP blend with different concentration of graphite powder (a) 1 wt%; (b) 2 wt%;
(c) 3 wt%; and (d) 4 wt%; (e) 5 wt%

formed on the surface with hierarchal structures.
Surface roughness was evaluated by the vertical
deviation of a real surface from its original form.
The average roughness of polymer film, Sa =

80.141 was quantified for WEP/1 wt% graphite
film. Introduction of more number of islands with
increase in graphite content to 2 wt% increased the
average roughness to 86.418. Further increase in
905
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Figure 6. (a) FE-SEM images of the WEP blend (four layers) with 5 wt% of graphite powder, (b) AFM image WEP film
with 5 wt% graphite powder for four layers

Figure 7. Tapping mode of AFM topology and 2D images of WEP film with content of graphite powder of (a) 1 wt %;
(b) 2 wt%; (c) 3 wt%; (d) 4 wt%; (e) 5 wt%
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graphite content to 3 wt%, shows increase in number of nano flakes formation which combines to
form the forest as shown in Figure 7c. Our observation correlates well the roughness of the film with
the water contact angle. Similarly, the relation
between surface roughness and water contact angle
for other samples was revealed [45]. The surface
roughness and water contact angle data collected
from all the samples are shown in Table 1. Maximum surface roughness of 109.078 was quantified
for graphite concentration of 5 wt%. This increase
in roughness was attributed to the formation of a
large number of islands. We also noticed that maximum height of a single flake (160 nm) and separation between two flakes (0.2 nm) on the surface
enables the anisotropic slippery surface. A single
island consists of a forest of nano flakes formed on
the surface, which covers maximum area with
increasing graphite content. This trend translated
into the increased hydrophobicity was indicated by
WCAs (Figure 4). With increased graphite concentration the distance between the nano flakes
decreased gradually. The average height of nano
flakes also decreases simultaneously and hence
roughness loosened widely. But with increasing
thickness of the polymer film layer, surface roughness improves, which was clearly observed from in
Figure 6b [46]. In Wenzel model, water droplet floats
on the projection surface. The average height of the
peaks is experimentally calculated as 110 nm for
graphite concentration of 5 wt% from AFM images.
With the introduction of more concentration of
graphite powders, more nano flakes are formed on
the surface, which reduces the average height of the
peak. It was observed that with 7 wt% graphite, the
average height of peak reduces to 80 nm. Similar
observations are also revealed with the deposition
of four layers on the surface. This observation supports the idea that surface topology plays an important role determining the wettability behaviour of
the surface than surface composition.

of nano flakes are combined to form small islands
on the surface. The network of nano flakes of the
spin coated sample was effectively controlled by
the concentration of graphite, and the wettability
property was analyzed by measurement of water
contact angle. The stability of dispersed graphite
powders with WEP materials clearly shows excellent suspension behaviour in the liquid medium.
The induced roughnesses in the samples seem to be
correlated to the surface morphology. The proposed
water contact angle values were reflected from the
surface topology. WCA was enhanced up to 129°
due to modification of surface film by increase in
thickness of film. This method could provide an
alternative approach for fabricating superhydrophobic materials with hierarchical structures. We hope
that this approach could provide to prepare the
superhydrophobic surface with low adhesion.
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