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a b s t r a c t

Two simple processes; (i) spin-coating, and (ii) doctor blade coating of silica/polymer dispersions are
described for the preparation of superhydrophobic polymer surfaces. To demonstrate the versatility and
broad applicability of the processes, polymeric surfaces modified included a thermoplastic resin, poly-
styrene (PS) and a thermoset, crosslinked epoxy resin (ER). Micro/nano hierarchical nature of the surface
topographies obtained were demonstrated by scanning electron microscopy (SEM), atomic force mi-
croscopy (AFM) and white light interferometry (WLI) studies. Roughness factor (r) and average surface
roughness (Ra) values, which are critical in obtaining superhydrophobic surfaces were determined for
each polymeric system. It was clearly demonstrated that increased (r) and (Ra) values resulted in
superhydrophobic behavior with very high static, advancing and receding water contact angles, well
above 150� and contact angle hysteresis values of less than 10�. Incorporation of small amounts (1.0% by
weight) of a silicone copolymer or a perfluoroether glycol oligomer reduced the contact angle hysteresis
in the epoxy resin system well below 10� and produced truly superhydrophobic surfaces.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Bulk and surface properties of polymeric materials are deter-
mined by their chemical structure, composition, molecular weight,
topology or molecular architecture, morphology and processing
conditions [1]. Bulk properties, which include tensile, mechanical
and thermal behavior, play important roles in determining the
structural integrity and applications of polymers. On the other hand
polymer surface properties such as; wettability, adhesion, friction,
fouling, biocompatibility, radiation resistance, etc., also play critical
roles in determining their overall performance and applications
[2e7]. In general it is fairly difficult to obtain optimum bulk and
surface properties on a specific polymeric material. For many end-
use applications, usually a polymer with desired bulk properties is
chosen. Surface properties are then modified by various physical
and/or chemical methods, such as; flame, corona or plasma treat-
ment, etching, grafting, coating, metallization, sputtering and
others, depending on the application [2,3].

Preparation and characterization of superhydrophobic polymer
surfaces received widespread attention after the elucidation of the
surface structures and topographies of a large number of super-
hydrophobic plant leaves, such as lotus, rose petal, gingko biloba,
ferns and many others through SEM studies [8,9]. These studies led
to a clear understanding of the critical roles played by the surface
topographies on the extreme water repellency or super-
hydrophobicity of these natural surfaces [9e13]. Superhydrophobic
polymer surfaces which display interesting combination of prop-
erties such as, self-cleaning, foul-release, antifogging and/or ice-
phobic behavior also find various commercial uses. A fairly large
collection of books [14e16] research papers [17e24] and review
articles [9,12,25e29] are available in the literature that discuss the
preparation, characterization, micro/nano hierarchical surface to-
pographies and superhydrophobic behavior of polymeric materials.
A large number of methods, which include; phase separation [30],
crystal growth [31,32], physical or chemical etching [9,33], elec-
trospinning [34], lithography [17,23], templating [35], sol-gel pro-
cessing [36], self-assembly and layer-by-layer deposition [18,23],
spin-coating [18], spray coating [19,23], brush coating [37,38] and
many others [9,26e29] have been described for the preparation of
superhydrophobic polymer surfaces. Although it is possible to
produce superhydrophobic surfaces by all these methods, in many
cases they involve complex processes and use of specialized
equipment and may be applied to only specific polymers. Recently
we reported a simple spin-coating process, where polymer surfaces
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were coated with fumed hydrophobic silica from tetrahydrofuran
or isopropanol dispersion to produce superhydrophobic polymer
surfaces using thermoplastic or thermoset matrices [18]. Later on
by utilizing a mixture of fumed silica and inherently hydrophobic,
thermoplastic silicone-urea copolymer, superhydrophobic surfaces
were obtained by using three different coating methods, which
were spin-coating, doctor blade coating and spray coating [23]. In
this study we demonstrate the applicability of these simple coating
processes to thermoplastic polystyrene and crosslinked epoxy resin
to obtain superhydrophobic surfaces.

2. Experimental

2.1. Materials

Hydrophobic fumed silica HDK H2000 (H2K) was provided by
Wacker Chemie. Primary particle size for H2K is reported to be in
5e30 nm range, which increases to 100e250 nm after aggregation
[39]. The specific surface area of H2K is 150 m2/g [39]. Polystyrene
(PS) (Mn ¼ 140,000, Mw ¼ 230,000 g/mol) was synthesized in our
laboratories. Bisphenol-A based epoxy resin (ER) (DER 331) with an
epoxy equivalent of 190 g was supplied by Dow Chemical. 2-
Methyl-1,5-diaminopentane curing agent (Dytek A) with an
amine equivalent weight of 29.2 g was supplied by DuPont. Poly-
perfluoroether diol (Fluorolink E10-H) (PFE) with 〈Mn〉 ¼ 1000 g/
mol was obtained from Solvay Solexis. Polycaprolactone-
polydimethylsiloxane-polycaprolactone (PCL-PDMS-PCL) triblock
copolymer with PCL and PDMS block lengths of 2000 and 3000 g/
mol respectively (2-3-2) was synthesized in our laboratories [40].
Reagent grade solvents, toluene and methylene chloride were
purchased from Merck and were used as received.

2.2. Coating studies

Two simple methods, spin-coating and doctor blade coating
were used for the preparation of superhydrophobic PS and ER
surfaces through the use of hydrophobic fumed silica (HDK H2000)
dispersions. Coatings were applied on glass slides
(20 � 20 � 0.15 mm) cleaned by wiping with toluene and methy-
lene chloride before use.

2.3. Preparation of polystyrene/silica dispersions for
superhydrophobic coatings

Polystyrene (PS) was dissolved in toluene at a concentration of
0.5% by weight. Silica particles were then added into the solution to
obtain a PS/silica ratio of 1/10 by weight. Mixtures were stirred
vigorously for 30min by amagnetic stirrer and thenwere sonicated
for 30 min to obtain homogeneous dispersions. DLS measurements
on PS/silica (1/10) dispersions containing 40 mg/mL silica indicated
number average particle size distribution of 270 ± 25 nm, which
was stable for several hours.

2.4. Preparation of epoxy resin/silica dispersions for
superhydrophobic coatings

Epoxy resin/silica (ER/S) dispersions were prepared in methy-
lene chloride. Stoichiometric amounts of epoxy resin and diamine
hardener were dissolved in methylene chloride to obtain a solution
with solids content of 0.5% by weight. Hydrophobic fumed silica (S)
particles were then added to obtain an ER/S ratio of 1/10 by weight.
Polyperfluoroether glycol (PFE) or PCL-PDMS-PCL (2-3-2) triblock
copolymer (1.0% by weight of ER/S mixture) was added to the
dispersion as surfacemodifying additive. The dispersionwas stirred
vigorously for 1 h with a magnetic stirrer before use. ER/S
dispersion without the addition of surface modifying additives was
also prepared as control. DLS measurements on ER/S/PFE disper-
sionwith a concentration of 45mg/mL of solids indicated a number
average particle size distribution of 24.7 ± 10.4 nm.

2.5. Spin-coating of silica dispersions on glass substrates

Spin-coating was applied on a Model 7600 Spin-Coater by
Specialty Coating Systems, Inc., Indianapolis, IN, USA. 3 Drops of PS/
silica or ER/silica dispersions were placed on glass slides and spin
coating was performed at 1000 rpm for 1 min. Spin-coating step
was repeated to apply successive layers. PS/silica samples were
dried at room temperature overnight and then in a vacuum oven at
40 �C for 24 h. ER/silica samples were kept at room temperature
overnight and then cured at 150 �C for 5 h.

2.6. Doctor blade coating of silica dispersions on glass substrates

PS/silica (1/10 by weight) dispersions prepared in toluene was
coated on a glass substrate using a doctor bladewith three different
gauge thicknesses of 200, 125 and 50 mm. Coatings were dried
overnight at room temperature and then in a vacuum oven at 40 �C
for 24 h. Upon drying polymer film thicknesses obtained were
approximately 5, 3 and 1.3 mm respectively. The gauge thickness of
the doctor blade used in ER/silica dispersions was 200 mm. ER/silica
coatings were dried at room temperature overnight and then cured
at 150 �C for 5 h.

2.7. Characterization methods

Dynamic light scattering (DLS) measurements on polymer/silica
dispersions were performed on a Malvern ZetaSizer Nano-S In-
strument with the Nano-S software. Glass cuvettes with square
apertures were used as sample holders. Transparencies of the
samples were determined in the visible region, using a Schimadzu
Model 3600 UV-VIS-NIR spectrophotometer against glass sub-
strates as the reference.

A field-emission scanning electron microscope (FESEM) (Zeiss
Ultra Plus Scanning Electron Microscope) operated at 2e10 kV was
used to investigate the coated surfaces. Prior to FESEM study,
samples were coated with a 2e3 nm layer of gold to minimize
charging. Surface topographies and average roughness values of the
silica coated surfaces were investigated by White Light Interfer-
ometry (WLI) on a Bruker Contour GT Motion 3D Microscope and
non-contact surface profiler at the vertical scanning interferometry
(VSI) mode. WLI can precisely map and measure feature sizes from
sub nanometer to millimeter. In VSI mode average surface rough-
ness with height discontinuities between 150 nm to several mm
can be precisely determined. At least 10 surface maps with di-
mensions of 47� 63 mm2 were obtained from different parts on the
sample to calculate the average roughness values.

Atomic Force Microscopy (AFM) images of the coated surfaces
were obtained on a Bruker Dimension Icon Atomic Force Micro-
scope with ScanAsyst, using standard tapping mode. For
50 � 50 mm2 images Bruker TAP525A tip with a force constant of
325 N/m and resonance frequency of 575 kHz and for 1 � 1 mm2

images Bruker NCHV tip with a force constant of 42 N/m and
resonance frequency of 320 kHz were used.

Static water contact angle measurements were conducted at
room temperature (23 ± 2 �C) on a Dataphysics OCA 35 goniometer
equipped with SCA 20 software. An average of 10 contact angle
readings were taken for each sample using 5 mL droplets of
deionized, triple distilled water. Contact angle hysteresis mea-
surements were conducted by dynamic sessile drop method.
Advancing water contact angles were determined by increasing the
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volume of the sessile drop from 5 mL to 25 mL at a rate of 0.2 mL/s.
The largest angle achieved was accepted as the advancing angle.
Then, the volume of the water droplet was decreased from 25 mL to
5 mL with the same rate. The smallest angle was recorded as the
receding contact angle after the contact line between the water
droplet and the surface started to decrease with a satisfactory drop
shape.
3. Results and discussion

Superhydrophobic polymer surfaces were prepared by spin-
coating and doctor blade coating of hydrophobic silica/polymer
dispersions onto glass substrates. Broad applicability of the coating
processes were demonstrated by using two inherently different
polymeric materials, thermoplastic polystyrene (PS) and cross-
linked epoxy resin (ER). Effect of the number of spin-coating layers
applied and the gauge thickness of the doctor blade on the surface
topography, average roughness and superhydrophobic behavior of
the surfaces obtained were investigated.

As discussed in detail in the literature [6,17,28] experimental
results clearly demonstrate that average surface roughness plays a
critical role in achieving superhydrophobicity. Theoretical expla-
nation of the effect of surface roughness on wetting was provided
by Wenzel [41] and Cassie and Baxter [42] models. To predict the
contact angle of a rough surface (qW), Wenzel modified Young's
contact angle (q) measured on a smooth surface, by incorporating a
roughness factor (r) as shown in Eq. (1). (r) is defined as the ratio of
the actual area of a rough surface to its projected geometric area
and therefore it is always greater than 1.

cosqW ¼ r � cosq (1)

Cassie and Baxter proposed that apparent contact angle on a
rough surface (qCB) is given by a weighted average of the cosines of
the contact angles on the solid and air surfaces (Eq. (2)), where (f) is
Fig. 1. SEM images of glass surfaces spin-coated with PS and PS/silica (1/10 by weight) dispe
the fraction of the surface on top of the protrusions, (1-f) is the
fraction of air pockets and (qg) is the contact angle on the air in the
valleys.

cosqCB ¼ f � cosq þ (1 � f) � cosqg (2)

If thewater contact angle in air (qg) is assumed to be 180�, Eq. (3)
is obtained.

cosqCB ¼ f � cosq þ f � 1 (3)

By combining Wenzel (Eq. (1)) and Cassie-Baxter (Eq. (3)) re-
lationships, a general equation (Eq. (4)) is obtained for the apparent
contact angles measured on a rough surface (qR).

cosqR ¼ f � r � cosq þ f � 1 (4)

As can be deduced from the equation above and demonstrated
by our experimental results provided below, increased roughness
factor (r) and decreased fraction of protrusions (f) will lead to
higher water contact angles, eventually leading to the formation of
superhydrophobic surfaces.
3.1. Superhydrophobic PS surfaces obtained by spin-coating of PS/
silica dispersions

Polystyrene (PS) is a widely used commodity plastic. Spin-
coated PS film on a glass substrate has a very smooth (average
roughness Ra ¼ 13.0 ± 0.7 nm) surface (Fig. 1a) and displays a static
water contact angle of 87.6 ± 0.1�, which is on the borderline be-
tween hydrophobic and hydrophilic. On the other hand surfaces
obtained by spin-coating of PS/hydrophobic silica (PS/S) (1/10 by
weight) dispersions in toluene onto a glass substrate display very
rough, superhydrophobic surfaces covered with agglomerated sil-
ica particles displaying micro/nano hierarchical structures. These
rsions. (a) PS, (b) PS/SC-1, (c) PS/SC-3 and (d) PS/SC-5 (scale bar 50 mm for all samples).



Fig. 2. SEM images of (a) microstructure of a silica particle on PS/SC-5 and (b) nanostructure of the silica particle surface.
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samples are coded as PS/SC-X, where (X) indicates the number of
spin-coating (SC) layers applied. As shown in Fig. 1d, surface
coverage, average particle size and distribution of the silica parti-
cles are strongly dependent on the number of spin-coating layers
applied.

Although the average sizes of the silica agglomerates on PS
surfaces do not change much with the number of layers applied,
overall surface coverage increases and the average distance be-
tween particles decreases, which is expected. As will be discussed
in detail, average roughness of the surfaces also increase as a
function of the number of layers applied. In general silica particle
sizes on PS surface vary between 2 and 10 mm, where occasionally
larger particles around 20 mm are also observed.

When the SEM image of one of the micron sized silica ag-
glomerates on the PS/SC-5 surface (Fig. 2a) is closely examined,
presence of nanometer sized structural features (Fig. 2b) can clearly
be seen. This is very similar to the topography of natural surfaces
Fig. 3. (a) 2D and (b) 3D WLI images of 47 � 63 mm2 PS/SC-3 sample surfac
[8], and as will be discussed later on, results in the formation of
superhydrophobic surfaces.

White Light Interferometry (WLI) measurements were per-
formed to quantitatively investigate the surface roughness of the
PS/S films. As representative examples, 2D and 3DWLI images of a
47 � 63 mm2 PS/SC-3 sample surface together with the roughness
profiles along x-axis and y-axis are provided in Fig. 3. Similar to
SEM results, 2D and 3D WLI images provided in Fig. 3a and b also
indicate fairly good coverage of the PS surface with the silica
particles. Roughness profiles provided in Fig. 3c and d along (x)
and (y) axes respectively indicate silica particle heights of 2e6 mm.
The roughness factor (r) and average (arithmetic) surface rough-
ness (Ra) values for each sample determined from WLI images
using the Vision software are provided in Table 1. Average surface
roughness (Ra) values of PS/S samples increase gradually from
about 370 nm to 600 nm as the number of spin-coating layers
applied increase as shown in Table 1. Increase in (Ra) indicates an
e and corresponding roughness profiles along (c) x-axis and (d) y-axis.



Table 1
Average roughness (Ra) and (r), static water contact angle (CA) and contact angle
hysteresis (CAH) values for PS/silica surfaces as a function of the number of spin-
coating layer applied.

Sample Ra roughness (nm) (r) CA (�) CAH (�)

PS/SC-1 368 ± 29 2.01 ± 0.07 162.3 ± 1.4 9.4
PS/SC-2 567 ± 75 2.77 ± 0.42 163.8 ± 2.0 4.8
PS/SC-3 590 ± 64 3.19 ± 0.25 161.6 ± 0.7 8.9
PS/SC-4 617 ± 99 2.93 ± 0.33 161.6 ± 1.3 7.1
PS/SC-5 609 ± 44 3.06 ± 0.28 161.2 ± 1.8 10.1
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increase in the fraction of air pockets (1-f) on the surface as given
in Eq. (2). As also shown in Table 1, for the spin-coated PS/S sur-
faces Wenzel roughness factor (r) also increases from 2.0 to 3.0, as
the number of spin-coating layers increase. Increase in the values
of (r) and (Ra) results in an increase in the water contact angles of
rough surfaces. As we demonstrated, depending on the nature and
inherent hydrophobicity of the polymeric substrate used, super-
hydrophobic behavior is observed when (r) and (Ra) values exceed
a threshold [43]. When compared to elastomeric silicone-urea/
silica coatings obtained by spin-coating [23], rigid PS/S coatings
Fig. 4. SEM images of PS/DB samples at different gauge thicknesses and magnifications. Co
identical for SEM images in the same row).
show higher average (Ra) and (r) values due to fairly densely
covered surfaces and increased average height values of silica
protrusions.

Static water contact angles (CA) and contact angle hysteresis
(CAH) values obtained on spin-coated PS/S surfaces are also pro-
vided in Table 1. As can clearly be seen from the data in Table 1,
regardless of the number of spin-coating layers applied, all PS/S
samples show formation of truly superhydrophobic surfaces with
CA values above 160� and CAH values smaller than 10�.

In addition to PS/S (1/10) dispersions, we also used (1/4) and (1/
7) dispersions and obtained superhydrophobic surfaces, which are
not discussed here. These results were similar to silicone-urea/silica
systems reported earlier [23].
3.2. Superhydrophobic PS surfaces obtained by doctor blade coating
of PS/silica dispersions

Doctor blade is a widely used and simple technique to obtain
homogeneous coatings with good thickness control. In this part of
the studywe investigated the effect of gauge thickness of the doctor
blade, which was 200, 125 and 50 mm, on the silica particle size and
lumn (a) PS/DB-50, column (b) PS/DB-125 and column (c) PS/DB-200. (Scale bars are
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distribution in the coatings obtained and their effect on the
superhydrophobic behavior of the surfaces formed. Since very
dilute polymer solutions (0.5% byweight) were used, thicknesses of
the dry film coatings obtained by using 50, 125 and 200 mm gauge
Fig. 5. (Row 1) 3D and (Row 2) 2D WLI images of PS/DB-50 and PS/DB-200 sample surfa
thicknesses were approximately 1.3, 3 and 5 mm. These samples are
coded as PS/DB-50, PS/DB-125 and PS/DB-200 respectively. SEM
images of PS/DB coatings obtained using different gauge thick-
nesses were reproduced in Fig. 4 at three different magnifications
ces and corresponding roughness profiles along x-axis (Row 3), and y-axis (Row 4).



Fig. 6. Comparison of the transmittances of uncoated glass slide (eee) and PS/silica
coated glass surfaces prepared by different methods. PS/DB-200 ( ), and PS/SC-2
( ).
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in order to show the significant effect of the gauge thickness on the
particle size and topography of the coatings formed.

All SEM images provided in the first row of Fig. 4 indicate very
homogeneous surface coverage by silica particles regardless of the
gauge thickness used. On the other hand from the SEM images
given in the middle row, it can clearly be seen that as the gauge
thickness increases average sizes of the silica agglomerates also
increase significantly. Especially the coatings obtained by using
50 mm doctor blade (PS/DB-50) have much smaller silica particles
when compared with the others. As expected, this has a dramatic
effect on the average surface roughness and superhydrophobic
behavior of the surfaces formed.

Detailed surface topographies and average surface roughness
values of PS/DB samples were obtained from WLI analysis. For
comparison, 3D and 2D WLI images and surface depth profiles
along the (x) and (y) axes for PS/DB-50 and PS/DB-200 samples
obtained on 47 � 63 mm2 surfaces are provided in Fig. 5. 3D and 2D
images provided on the first two rows clearly show the critical
effect of the doctor blade gauge thickness on the distribution and
heights of the silica agglomerates on the surface. Coatings obtained
using 50 mm doctor blade show very homogeneous distribution of
silica agglomerates over the surface with average base diameters
around 5 mm. They also show fairly narrow distribution of silica
particle heights in 0.20e0.60 mm, which can be seen in the
roughness profiles provided in the third and fourth rows in Fig. 5.
On the other hand when 200 mm doctor blade is used, particle
distribution becomes more heterogeneous and agglomerate sizes
(5e10 mm) and heights (1e5 mm) increase substantially.

As summarized in Table 2, gauge thickness of the doctor blade
used have dramatic effect on the average surface roughness (Ra),
roughness factor (r) and as a result on the superhydrophobicity of
the coatings obtained. As expected and as can clearly be seen in
Table 2, average surface roughness (Ra) increases substantially from
95 to 265 and to 285 nm for the coatings obtained by using 50, 125
and 200 mm doctor blades respectively. Similarly, roughness factor
(r) also increases dramatically from 1.07 to 1.56 and to 2.23 for
coatings obtained using doctor blades with 50, 125 and 200 mm
gauge thicknesses. As can be seen in Table 2, these differences on
surface characteristics show their effect on the superhydrophobic
behavior of the coatings. PS/DB-200, which displays the highest
roughness also displays the highest contact angle and lowest hys-
teresis, followed by PS/DB-125, indicating the formation of truly
superhydrophobic surfaces. On the other hand the PS/DB-50 sur-
face, which has fairly low (r) and (Ra) values of 1.07 and
93.4 ± 16.6 nm respectively, does not display superhydrophobic
behavior.

3.3. Light transmittance of PS/silica coatings

A critical requirement for various applications of super-
hydrophobic coatings is their transparency in visible region.
Percent transmittance of PS/S coatings obtained on glass slides by
spin-coating or doctor blade coating were determined in the visible
region (400e800 nm). Percent transmittance versus wavelength
profiles obtained against air as the reference for uncoated and PS/S
Table 2
Effect of doctor blade gauge thickness on dry film thickness, average arithmetic roughne
(CAH) of doctor blade coated PS/silica surfaces.

Sample code Gauge thickness
(mm)

Dry coat thickness
(mm)

PS/DB-50 50 1
PS/DB-125 125 2.5
PS/DB-200 200 5
coated glass substrates are reproduced in Fig. 6.
Uncoated glass slide shows a transparency of about 90% in the

visible region. As expected, PS/S coated samples display slightly
lower transparencies than the glass substrate. It is interesting to
note that the doctor blade coated PS/DB-200 film displays much
higher transparency between 72 and 82%, when comparedwith PS/
SC-2, prepared by spin-coating process, which displays a trans-
parency between 50 and 60%.
3.4. Superhydrophobic ER surfaces obtained by spin-coating of ER/
silica dispersions.

Epoxy resins (ER) are one of the most important polymeric
coatings used for a wide range of applications due to their excellent
adhesion to many substrates, good mechanical strength, durability,
solvent resistance, thermal stability and electrical resistance. One of
the drawbacks of ER is their polarity and as a result reasonably high
moisture absorption capacities. Absorbed moisture acts as a plas-
ticizer and may deteriorate the properties of ER.

Superhydrophobic coatings on ER will be beneficial in reducing
the moisture or water absorption, while providing many other
interesting properties to these materials. Previously preparation of
superhydrophobic ER surfaces by brush coating [37] and consecu-
tive spin-coating of hydrophobic fumed silica particles directly onto
the partially cured ER [18] were demonstrated. Current process,
which uses ER/silica mixture and a small amount of hydrophobic
additive, produces robust and durable superhydrophobic surfaces
after only a single spin-coating step.

SEM images of control ER/S surfaces obtained by a single spin-
coating step is reproduced in Fig. 7 at different magnifications.
Fig. 7a clearly shows fairly homogeneous distribution of silica ag-
glomerates on the coating surfacewith particle sizes ranging from2
to 20 mm. Closer examination of the coated surface (Fig. 7b and c)
shows the presence of crater-like structures with sizes varying from
submicron to about 3 mm range. These crater-like structures most
probably result from very fast evaporation of methylene chloride
ss (Ra), roughness factor (r), water contact angles (CA) and contact angle hysteresis

Ra

(nm)
(r) CA

(�)
CAH
(�)

93.4 ± 16.6 1.07 ± 0.04 145.4 ± 2.8 19.9
265.0 ± 99.4 1.56 ± 0.15 154.3 ± 6.1 8.6
284.3 ± 39.0 2.23 ± 0.46 162.3 ± 0.8 7.8



Fig. 7. SEM images of control ER/silica surfaces obtained by a single spin-coating step.
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solvent during the spin-coating process. Similar features were also
observed on spin-coated, PCL-PDMS-PCL modified ER/S, as shown
in Fig. 8.

Average surface roughness (Ra) and roughness factor (r) values
obtained from WLI studies for spin-coated control ER/S sample
were fairly high and 510 ± 175 nm and 2.8 ± 1.0 respectively, which
Fig. 8. (a) and (b) SEM images showing micro/nano hierarchical surface structures on spin-c
the surface, and WLI depth profiles along (d) x-axis and (e) y-axis shown by the lines in (c
is mainly due to the presence of crater-like secondary surface
structure. Static water contact angle of the amine cured smooth
neat ER film was 69.0 ± 0.6�, clearly indicating a hydrophilic sur-
face. As expected, the static water contact angle of the spin-coated
control ER/S surface was much higher and 140�. In spite of such a
high static water contact angle, ER/S surface obtained was not
oated PCL-PDMS-PCL modified ER/S mixture onto a glass substrate, (c) 2DWLI image of
).



Fig. 9. (a) and (b) SEM images showing micro/nano hierarchical surface structures obtained by spin-coating of a polyperfluoroether modified ER/silica mixture onto a glass
substrate, (c) 2D and (d) 3D WLI images of the surfaces, and WLI depth profiles along (e) x-axis and (f) y-axis shown by dark lines in (c).
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superhydrophobic because of its very high contact angle hysteresis
of 30.6�. We believe crater-like surface structure resulted in the
pinning of the water droplets and high hysteresis. To overcome the
pinning problem and obtain truly superhydrophobic surfaces, ER/S
coating formulations were modified with small amounts of a pol-
yperfluoroether oligomer (PFE) or PCL-PDMS-PCL copolymers. As a
reference, static water contact angles of PFE and PCL-PDMS-PCL
modified smooth, control ER films were 85.1 ± 0.8� and
78.3 ± 0.9� respectively, compared with the unmodified smooth ER
surface, which was 69�±0.6.

SEM and WLI images of PCL-PDMS-PCL modified ER/silica
coatings obtained by spin-coating and their WLI depth profiles are
provided in Fig. 8. SEM image in Fig. 8a clearly shows fairly ho-
mogeneous distribution of silica agglomerates on the surface, with
a broad particle size in 2e25 mm range. When the surfaces of silica
agglomerates are closely examined, as shown in Fig. 8b, presence of
very homogeneous, sub-micron sized, crater-like structures, similar
to those observed in control ER/S coatings can clearly be seen.

Similar behavior is observed for the 1.0% by weight polyper-
fluoroether (PFE) modified spin-coated ER/S surfaces. SEM and 2D
and 3DWLI images of these coatings, together with theirWLI depth
profiles are provided in Fig. 9. SEM image in Fig. 9a clearly shows
fairly homogeneous surface coverage by silica agglomerates, which
display a fairly broad base diameter distribution in 2e20 mm range.
When the surfaces of the silica agglomerates are closely examined,
as shown in Fig. 9b, it can clearly be seen that they are homoge-
neously covered with nano roughness. 2D and 3D WLI images ob-
tained on a 63� 47 mm2 surface are provided in Fig. 9ced. They also
confirm good surface coverage of silica agglomerates with particle
heights generally in 1e7 mm range. Occasionally particle heights up
to 10e15 mm are also observed. Average surface roughness (Ra)
obtained from WLI analysis of 10 different surface locations was
290 ± 33 nm, whereas the roughness factor (r) was 2.1 ± 0.2. (Ra)
value for PFE modified ER/S coating. These values are somewhat
smaller than those observed on control and PCL-PDMS-PCL modi-
fied ER/S coatings. This is attributed to the presence of highly hy-
drophobic PFE in the formulation, which reduces the surface
tension of the dispersion and results in a more homogeneous
coating. The hierarchical micro/nano structured surfaces obtained
display truly superhydrophobic behavior with a static water



Table 3
Average surface roughness (Ra) and roughness factor (r), static water contact angles and contact angle hysteresis values for spin-coated ER/silica surfaces.

Sample Modifier (Ra) (nm) (r) CA (�) CAH (�)

ER/S-SC-NEAT e 510 ± 175 2.8 ± 1.0 140.2 ± 0.9 30.6
ER/S-SC-PDMS PCL-PDMS-PCL 500 ± 130 2.9 ± 0.8 163.8 ± 0.8 5.4
ER/S-SC-PFE Polyperfluoroether 290 ± 33 2.1 ± 0.2 162.6 ± 0.7 2.8
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contact angle of 162.8 ± 2.8� and a fairly low contact angle hys-
teresis of 2.8�. As a summary average surface roughness (Ra),
roughness factor (r), static water contact angles and contact angle
hysteresis values for spin-coated ER/S surfaces are provided in
Table 3.

3.5. Superhydrophobic ER surfaces obtained by doctor blade
coating

Unmodified control and 1.0% by weight PFE and PCL-PDMS-PCL
modified ER/S dispersions in methylene chloride were coated onto
glass slides using a doctor blade with a gauge thickness of 200 mm,
resulting in a dry film thickness of about 5 mm. SEM andWLI images
and depth profiles for control sample are reproduced in Fig. 10. As
can be seen in the SEM images provided in Fig. 10a and b, and WLI
image given in Fig. 10d, silica surface coverage was fairly homo-
geneous with silica agglomerate sizes varying in 2e15 mm range.
SEM image provided in Fig. 10c clearly shows the nano-roughness
on the silica agglomerates. WLI depth profiles provided in Fig. 10e
and f indicate silica particle heights in 1e6 mm range. Average
Fig. 10. (aec) SEM images of unmodified, control ER/silica doctor blade coatings at differen
the surface and depth profiles along (e) x-axis and (f) y-axis shown by black lines in (d).
roughness (Ra) and roughness factor (r) values obtained from WLI
were 380 ± 65 nm and 2.0 ± 0.2 respectively for the doctor blade
coated ER/S control. Static water contact angle (143.3 ± 1.2�) and
contact angle hysteresis values of (13.4�) indicate formation of an
extremely hydrophobic, but not a superhydrophobic surface.

Similar to the spin-coated surfaces, in order to obtain truly
superhydrophobic coatings using doctor blade method, ER/S dis-
persions were modified by adding 1.0% by weight of a PFE oligomer
or PCL-PDMS-PCL copolymer. As shown in the SEM images pro-
vided in Fig. 11, silica surface coverage was very homogeneous in
both PFE and PCL-PDMS-PCL modified ER/S coatings. Base di-
ameters of the silica agglomerates obtained in PFE modified coat-
ings were generally in 2e15 mm range and were somewhat smaller
than those obtained on PCL-PDMS-PCL modified systems, which
were in 2e25 mm range, which can be seen in the SEM images
provided in Fig. 11a,b,d and e. On the other hand nano-roughness
observed on silica agglomerates were very similar for both coat-
ings, as can be seen in Fig. 11c and f.

Average surface roughness (Ra) values obtained from WLI are
around 400 nm and roughness factor (r) values are around 2.0 for
t magnifications, showing micro-nano hierarchical surface structures. (d) WLI image of



Fig. 11. (a), (b) and (c) SEM images of doctor blade coated 1.0% by weight polyperfluoroether modified ER/silica surfaces, and (d), (e) and (f) SEM images of doctor blade coated 1.0%
by weight PCL-PDMS-PCL modified ER/silica surfaces at different magnifications, showing micro/nano surface structures. (Scale bars are the same for images on the same column).
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all doctor blade coated ER/S samples. These results indicate that
addition of very small amounts of PFE or PCL-PDMS-PCL type hy-
drophobic surface modifying additives do not have a dramatic ef-
fect on the topography of the doctor blade coatings obtained. On
the other hand, significant differences between the surface modi-
fied and unmodified ER/S coatings are observed when their static
water contact angles and contact angle hysteresis behaviors are
compared. As shown in Table 4, unmodified ER/S doctor blade
coatings show a static water contact angle of 143� and a contact
angle hysteresis value of 13.4�, clearly indicating that these surfaces
do not display truly superhydrophobic behavior. On the other hand
1.0% by weight PFE and PCL-PDMS-PCL modified ER/S doctor blade
coatings display extremely high static water contact angles of
162.5� and contact angle hysteresis values lower than 10�, clearly
demonstrating the formation of superhydrophobic surfaces.

The results obtained by SEM and WLI investigations on ER/S
coatings prepared using the doctor blade technique were also
supported by AFM investigations. Fig. 12 provides the AFM phase
and height images of a 50� 50 mm2 surface and 3DAFM images of a
1 � 1 mm2 surface of unmodified (first row), PCL-PDMS-PCL
modified (second row) and PFE modified (third row) ER/S sur-
faces produced by doctor blade coating. 50 � 50 mm2 AFM phase
images provided in the first column and height images provided in
the second column clearly show the micro-topography of silica
Table 4
Average surface roughness (Ra) and roughness factor (r), static water contact angles and co
thickness of 200 mm.

Sample Modifier (Ra) (nm)

ER/S-DB-NEAT e 380 ± 65
ER/S-DB-PDMS PCL-PDMS-PCL 382 ± 102
ER/S-DB-PFE Polyperfluoroether 435 ± 88
agglomerates on the ER/S surface, with particle sizes ranging from
about 2 to about 15 mm, similar to SEM results. Silica particle sizes
and their distribution on the surface are fairly similar for unmod-
ified and modified ER/S formulations. 1 � 1 mm2 3D AFM images
provided on the third column clearly show the nanostructures on
the silica agglomerates with feature sizes of 30e50 nm, fairly
similar to the size of the individual silica particles used.
3.6. Light transmittance of ER/silica coatings

Similar to PS/S coatings, percent transmittance of ER/S coatings
obtained on glass slides by spin-coating or doctor blade coating
were also determined in the visible region. Percent transmittance-
wavelength curves obtained against air as the reference for un-
coated and ER/S coated glass substrates are reproduced in Fig. 13. It
is interesting to note that coatings containing PCL-PDMS-PCL
display very high transparency of about 80% in the visible region,
followed by PFE modified coatings, which have transparencies
between 70 and 80%. All of these systems display much higher
transparencies when compared with unmodified ER/S coating,
which displays a transparency between 50 and 60%. These results
indicate that silicone and perfluoroether additives which are used
as surface modifiers may also act as a surfactant to produce a ho-
mogeneous interface between silica particles and epoxy matrix.
ntact angle hysteresis values for doctor blade coated ER/silica surfaces using a gauge

(r) CA (�) CAH (�)

2.0 ± 0.2 143.3 ± 1.2 13.4
2.0 ± 0.4 162.5 ± 0.4 9.2
2.2 ± 0.3 162.6 ± 0.7 4.3



Fig. 12. AFM phase and height images of 50 � 50 mm2 surfaces and 3D AFM images of 1 � 1 mm2 surfaces of unmodified (first row), PCL-PDMS-PCL modified (second row) and
polyperfluoroether modified (third row) ER/silica surfaces produced by doctor blade coating.
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3.7. Explanation of the effect of PFE and PCL-PDMS-PCL surface
modifiers on the superhydrophobic behavior of ER/silica coatings
using Wenzel-Cassie-Baxter model

If we assume that wetting behavior of ER/silica surfaces can be
predicted by Cassie-Baxter (cosqR ¼ f � cosq þ f � 1) or combined
Wenzel-Cassie-Baxter (cosqR ¼ f � r � cosq þ f � 1) equation, we
can calculate the effect of the surface modifier on the area fraction
of silica protrusions (f) to obtain a water contact angle above 150�,
which is one of the requirements for superhydrophobic behavior,
together with contact angle hysteresis values below 10�. Since
Wenzel-Cassie-Baxter model does not address contact angle hys-
teresis, here we calculated (f) values to obtain a 150� water contact
angle on modified and unmodified ER/silica coatings, assuming
different (r) values. Results are provided in Table 5. It may be
worthwhile to remind that Wenzel-Cassie-Baxter model is valid for
cases when (r > 1) and it becomes Cassie-Baxter model for (r ¼ 1).
During calculations static water contact angles (q) for smooth ER
and PCL-PDMS-PCL and PFE modified ER films were taken as
69.0 ± 0.6�, 78.3 ± 0.9� and 85.1 ± 0.8�, respectively.

As can be seen from the results provided in Table 5, increase in
(r) results in a decrease in (f), which is expected from the Wenzel
model for hydrophilic surfaces. Considering the ER/silica coatings
prepared in this study, this means that higher air fraction and/or
increased roughness is needed to obtain a water contact angle of
150� (or superhydrophobicity) on ER/silica surfaces. Modification of
ER/silica surfaces with hydrophobic PFE and PCL-PDMS-PCL addi-
tives results in considerable increase in the (f) values, or reduction



Fig. 13. Comparison of the transmittances of uncoated glass slide (eee) and ER/S
coated glass surfaces prepared by different methods. ER/S-DB-NEAT (e � e � e � e),
ER/S-DB-PDMS (� � � � � �), ER/S-SC-PDMS ( ), ER/S-DB-PFE (e � � e � � e), ER/S-SC-
PFE ( ).

Table 5
Effect of PCL-PDMS-PCL and PFE additives on the fraction of surface area on silica
protrusions (f) to achieve superhydrophobic ER/silica coatings.

Sample qR (�) (r) (f) calc. (r) (f) calc. (r) (f) calc.

ER/S-SC-NEAT 150 1.0 0.099 2.0 0.078 3.0 0.065
ER/S-SC-PDMS 150 1.0 0.111 2.0 0.095 3.0 0.083
ER/S-SC-PFE 150 1.0 0.123 2.0 0.114 3.0 0.107
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in the surface air fraction. This points out to the fact that super-
hydrophobicity can be achievedmore easily on PFE and PCL-PDMS-
PCL modified ER/silica surfaces, as we have clearly demonstrated in
this study.
4. Conclusions

Superhydrophobic polymer coatings on glass substrates were
prepared by two simple processes, which were spin-coating and
doctor blade coating, using polystyrene/hydrophobic silica (PS/S)
(1/10 by weight) dispersions in toluene and epoxy resin/hydro-
phobic silica (ER/S) (1/10 by weight) dispersions in methylene
chloride. ER/S dispersions were modified by very small amounts
(1.0% by weight) of a polyperfluoroether oligomer or a silicone-
caprolactone triblock copolymer. PS/S coatings were dried in vac-
uum oven at 40 �C, while ER/S coatings were cured at 150 �C for 5
hours in an air oven. Coated surfaces obtained were robust and
durable and theymaintained their superhydrophobicity after a year
of storage under ambient conditions. Surfaces obtained were
characterized by SEM, WLI, AFM and water contact angle mea-
surements. SEM and AFM images clearly showed the formation of
silica agglomerates with hierarchical micro/nano structures, which
were homogeneously distributed on the coating surfaces. Super-
hydrophobic behavior of the surfaces were demonstrated by static,
advancing and receding water contact angles, which were well
above 150� and contact angle hysteresis values lower than 10�.
Wenzel roughness factor (r) and average surface roughness (Ra)
values, which are critical in obtaining superhydrophobic surfaces
were determined for each polymeric system.

We believe simple coating methods described in this study,
which used polymer/hydrophobic silica dispersions, can be applied
to awide range of polymeric materials, thermoplastic or thermoset,
to produce superhydrophobic surfaces. Doctor blade coating is a
widely used technique in commercial processes. It can be used to
produce superhydrophobic, water repellent and self-cleaning tex-
tiles and glass, polymer or metal panels for large scale applications.
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