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Abstract

Elastomeric superhydrophobic nanostructured composite coatings scalable
to large areas are prepared by spray casting particle-polymer dispersions.
The dispersions consist of nanostructured carbon black particles along with
submicrometer-sized poly(tetrafluoroethylene) particles dispersed in nitrile
rubber solution in acetone, with the goal to attain superhydrophobicity with
minimal content of particle fillers. The coatings are cast on various flexible
substrates, which are subsequently stretched uniaxially. Upon drying, wa-
ter droplet roll-off (sliding) angle measurements are performed to quantify
the self-cleaning ability of coated substrates being stretched uniaxially to

30% strain (coated silicone rubber) and 70% strain (coated polyester fabric).
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The coatings conform to the stretching of the substrates, while maintaining
the self-cleaning property throughout this range. Self-cleaning is also main-
tained for cyclical stretching of coated substrates for strains 0-30% (coated
silicone rubber) and 0-70% (coated polyester fabric) demonstrating the coat-
ings’ functional recovery. Droplet roll-off angles below 10° reveal good self-

cleaning ability for these coatings.
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1. Introduction

Nitrile rubber, NBR, is a hydrophobic, solution-processable rubber used
extensively in the automotive industry (seals, fuel lines, oil hoses, etc.) for
its excellent oil, fuel, and heat resistance [1, 2, 3]. Introducing fillers, such
as carbon black (CB) and clay, to NBR is well established, with previous
works emphasizing mechanical property improvement [1, 2, 3, 4, 5, 6, 7, §].
Manipulation of the surface texture with added filler particles is a relatively
unexplored feature, which can be used to tune the wettability of the result-
ing flexible composite coatings. In fact, carefully designed polymer compos-
ite coatings with filler particles can even demonstrate superhydrophobicity
(static water sessile droplet contact angle over 150°) and self-cleaning ca-
pabilities (low water droplet roll-off angle or low contact angle hysteresis)
9, 10]. A hierarchical surface morphology in particular (with micron-to-
nanoscale roughness) is known to facilitate such high water repellency (lotus
effect) [11, 12, 13]. The well-known elastomeric properties of intrinsically hy-
drophobic nitrile rubber could thus be utilized for the fabrication of flexible,

or even stretchable, water repellent composite coatings. Such materials can



be considered for stretchable substrates (e.g. rubber, textiles) undergoing
moderate to intense strain when super-water repellency is required. This
approach is expected to work for any elastomeric, hydrophobic, solution pro-
cessable polymer (e.g. fluoroelastomers).

While there have been abundant previous studies on synthetic superhy-
drophobic surfaces [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19|, work related
to stretchable polymer-based (elastomeric) surfaces is scarce. Zhang et al.
[20], produced a polyamide film with a triangular net-like structure that was
stretchable and switched between superhydrophobicity and superhydrophilic-
ity (i.e. reversible wetting) depending on its state of strain. Choi et al.
[21] presented a method of dip coating fabrics to attach fluorodecyl polyhe-
dral oligomeric silsesquioxane molecules and impart tunable oleophobicity to
fabrics subjected to strain; increasing strain resulted in a decrease in oleo-
phobicity. Recently, another group [22] demonstrated the ability to make
recycled-rubber-based water repellent surfaces by stamped texture. The lit-
erature on simple-to-apply water-repellent coatings for hydrophobizing tex-
tiles is quite extensive; see the reviews by Bahners et al. [23] and Gowri et
al. [24] for an introduction to currently available methods. For the sake of
brevity, we mention only a few relevant techniques. Gao and McCarthy [17]
demonstrated a simple dip coating technique for hydrophobizing polyester
and microfiber polyester fabrics. Coulson et al. [25, 26] utilized a plasma
technique to achieve ultralow surface energy well-adhered polymeric films for
creating both hydrophobic and oleophobic surfaces applied on cotton sub-
strates without any solvents (which are required for spray or dip coating

applications). Several other authors have also demonstrated relatively sim-



ple textile coatings that are repellent to both water and low-surface tension
liquids (e.g. hexane, hexadecane) [27, 28, 29]. While reversible wetting,
rubber-based hydrophobic surfaces, and simple hydrophobic coating applica-
tion methods for textiles have been demonstrated, works showing the ability
to maintain superhydrophobicity (high contact angle) and self-cleaning abil-
ity (low roll-off angle) at increasing strains are lacking. In previous studies,
the property of liquid repellency was both substrate and strain dependent. In
the present work, coatings applied on a variety of flexible substrates maintain
superhydrophobicity through a range of strains. We describe a simple, true
one-step, spray process based on commodity chemicals applied, either upon
manufacture or in a post-processing step, to an existing flexible substrate to

impart superhydrophobicity to its surface.

2. Experimental Section

The materials used were: PTFE (Sigma Aldrich, 2.15 g/cm?® density),
CB (Cabot, BP2000, 1.9 g/cm?® density), acetone (99.5%, Sigma Aldrich),
poly(acrylonitrile-co-butadiene) rubber (37-39% acrylonitrile, Sigma Aldrich,
1 g/cm? density), polyester fabric (local fabric store), microscope glass slides,
indium foil (Sigma Aldrich, 0.25 mm thick, 99.99% metals basis), and silicone
rubber (1/2” x 1/16” x 36”, McMaster-Carr).

Pieces of NBR were dissolved in acetone at 40 °C under constant mechani-
cal stirring to obtain a 10 wt. % solution. PTFE and PTFE-CB suspensions
were prepared by dispersing the particles in acetone under sonication for
30 minutes. Upon maintaining a good degree of particle dispersion in ace-

tone, the NBR solution and the suspensions were blended for subsequent



spray casting. Table 1 describes the composition ranges for the blends used
to produce the coatings. Clean microscope glass slides, silicone rubber, and
polyester fabric were used as substrates for the coatings. Coatings were spray
cast onto the substrates with a single spray application at a fixed distance of
19 cm using an airbrush atomizer (Paasche VL siphon feed, 0.55 mm spray
nozzle) mounted on an automated industrial dispensing robot (EFD, Ultra
TT Series). The airbrush was operated by passing pressurized air through
the nozzle to move the particle slurry via siphon feeding; this air stream
also acted to augment atomization at the nozzle exit. The pressure drop
across the sprayer varied from 2.7-4.1 bar depending on conditions. Each
type of filler, and their combination, was incorporated into the dispersion at
increasing levels until the dispersion could no longer be sprayed consistently.
The coated substrates were dried for 30 minutes at 80°C in an oven. The
dispersion compositions which yielded superhydrophobic coatings with an
optimally low amount of filler particle loading are listed in Table 2. Coatings
deposited on flexible substrates were mounted between two linear clamps
and stretched using a programmable linear actuator (Velmex). For uniaxial
straining, coated polyester fabrics were placed on a stretchable supporting
substrate (silicone rubber) in order to facilitate water droplet roll-off angle
measurements. The stretching limits used for silicone rubber and polyester
fabric were 30% and 70% strain, respectively. These limits were chosen based
on apparent coating and substrate degradation and not based on loss of
superhydrophobicity. Since acetone was the only liquid component of the
slurry, the surface tension of the sprayed fluid should be close to that of ace-

tone (22.72 mN/m at 25° C). No viscosity measurements were performed for



these slurries.

A backlit optical image acquisition setup was used to record water droplet
images for sessile contact angle (CA) measurements. Water droplet roll-off
angle (sliding angle) measurements were performed on a tilting stage (accu-
racy of 1 degree); the stage was gradually inclined until the droplets rolled off.
The water droplet volume used for both CA and sliding angle measurements
was 11.6 ul. Environmental scanning electron microscope (ESEM) images
were obtained using a Philips XL30 ESEM-FEG after all samples were sput-
ter coated with a bnm-thick layer of gold-palladium. For high-resolution
observation of how the composite coating behaves under strain, flexible in-
dium foil substrate was used. Once coated, the indium foil was first stretched
to 18% strain, the upper-limit the indium foil could bear before failing, and
was subsequently sputter-coated with 5nm gold-palladium before imaging on
the ESEM. Transmission electron microscope (TEM) images of the CB filler
particles were obtained using a JEOL JEM-2010F. Scanning electron micro-
scope (SEM) images of the PTFE filler particles were obtained in a previous
study; the mean diameter of the PTFE particles was measured to be 260 nm

(standard deviation 54.2 nm) [10].

3. Results and Discussion

Composite coatings containing filler particles allow control of surface
roughness. Composite coatings containing both nanometer-scale particles
(e.g. CB, size < 100nm) and submicrometer-scale particles (e.g. PTFE,
sizes in the range 100 — 500nm) generate hierarchical surface roughness, thus

facilitating water repellency. Previous work [10] suggests that while it is



possible to achieve self-cleaning surfaces by utilizing a single type of filler
particle in a composite coating, adding two fillers of different length scales
may allow the coating to become self-cleaning at even lower levels of par-
ticle loading. Ultimately, utilizing the minimum required amount of filler
to attain a self-cleaning surface is of utmost importance for the coatings in-
vestigated here, as maximizing the amount of NBR in the final composite
coating is essential to its mechanical integrity. Figure 1 shows ESEM images
that demonstrate hierarchical micro to nanoscale roughness by utilizing dual-
scale fillers. Figure 1(a) shows the presence of micro-scale roughness which
is attributed to the early dynamic interactions of the fillers, PTFE and CB,
with NBR during the spray impact process. Figure 1(b) demonstrates the
submicrometer-scale roughness due to the PTFE particles, as well as the
nanoscale roughness introduced by the CB particles.

Filler particle addition to a composite coating can affect surface wetta-
bility in two different ways. The first is by increasing the surface roughness,
and the second is by changing the surface energy, which depends on the wet-
tability of the filler particles themselves (hydrophobic or hydrophilic). Both
mechanisms play an important role in affecting the water CA of droplets
on coated surfaces. The water CA can be described by either the Wenzel
[30] or Cassie-Baxter [31] equations, depending on the state the droplet is
in. For heterogeneous surfaces, utilization of these equations requires that
the variations in the composite coating’s surface texture are small compared
to the droplet size, and that they are uniform throughout the surface. If
those criteria are satisfied, then increasing liquid repellency as a function of

roughness can still be interpreted under the framework of the Wenzel and



Cassie-Baxter equations [32]. For heterogeneous coatings with well dispersed
filler particles and self-similar surface features (see Figure 1) with size well
below that of the water droplet (dia. 2.8 mm), the increased water repellency
of these coatings due to increased surface roughness can be interpreted under
the Wenzel and Cassie-Baxter models.

Figure 2 shows water CA measurements on composite coatings with vary-
ing filler content and deposited on glass slides. The three curves represent
composite coatings prepared using either PTFE particles only, CB particles
only, or PTFE and CB particles in a 9:1 PTFE:CB wt. ratio. The figure
shows that increasing the concentration of CB in the dispersion results in
a corresponding increase in water CA for the resulting composite coating.
For a CB concentration of 2 wt. %, a water CA of 136 ° is observed, which
is higher than the coatings containing PTFE and PTFE+CB at that same
filler concentration. This indicates CB as an optimal nanofiller when low
loading is a factor. On the other hand, PTFE filler particles increase coating
roughness on the submicrometer scale, and lower the overall surface energy
of the composite. Their ability to be dispersed and sprayed more easily at
higher concentrations than their CB counterparts justify PTFE particle use
in larger proportion. Figure 2 demonstrates a steady increase in water CA
with increasing PTFE content, reaching a maximum of 144° at 8 wt. % of
dispersion. The combination of PTFE with CB (PTFE+CB) also shows a
steady increase in CA with filler content, reaching a maximum of 144° at 7
wt. % of dispersion. The composite coating with PTFE and CB achieves
its maximum water CA at at a slightly lower level of particle concentration

than PTFE alone.



It has been argued that superhydrophobicity should be characterized by
low-CA hysteresis [17], or low sliding angles, as such quantities quantify
readiness of water droplet movement (water repellency). Figure 3 shows wa-
ter droplet roll-off angle (sliding angle) measurements of composite coatings
deposited on glass slides for different fillers and their change with varying filler
content. The two curves depicted in Figure 3 represent composite coatings
prepared using either only PTFE particles or PTFE and CB (PTFE+CB)
particles in a 9:1 PTFE:CB wt. ratio. The figure demonstrates that adding
increasing amounts of PTFE to the dispersion, results in a general reduc-
tion in water droplet roll-off angle, which ultimately attains a value 10° 4 2
at 7 wt. % of dispersion (composite coating SC2, Table 2). Figure 3 also
shows the gradual reduction in roll-off angle with added PTFE+CB fillers,
with the composite coating displaying a roll-off angle of 10° £+ 3 at 5 wt.
% of dispersion (composite coating SC1, Table 2), and dropping even lower
at higher filler content. While previous works have demonstrated superhy-
drophobic spray cast coatings with hierarchical structures [10, 33], the goal
of combining both CB and PTFE here was to achieve superhydrophobicity
at the lowest possible level of filler particle concentration in order to maxi-
mize the amount of NBR in the final composite coating, thus preserving the
coating’s mechanical integrity. By utilizing a PTFE+CB combination, the
filler particle concentration necessary for superhydrophobicity was lowered
by 2 wt. % of dispersion over just PTFE alone. It is also interesting to note
the relatively large error bar of the roll-off angle for the PTFE+4CB case at 4
wt. %. At this point, the surface transitioned from a sticky Wenzel state to

a Cassie-Baxter state, which is characterized by low roll-off angles. The large



error bar is attributed to the transition between the two wetting states. Since
Figure 2 demonstrates increasing CA for increasing filler content, and since
the CA for PTFE+CB at 3 wt. % is sufficiently high to guarantee hydropho-
bicity but the droplet still remains pinned to the surface even when tilted,
the droplet must be in a Wenzel state of wetting. On the other hand, at 4
wt. % no droplet pinning occurs and the droplet must be in a Cassie-Baxter
state of wetting. This interpretation is supported by the decrease of the roll-
off angles and the corresponding standard deviations with increasing filler
concentration, which indicates that the droplets remain in the Cassie-Baxter
wetting state.

Repellency to lower surface tension liquids was also investigated to explore
the limits of the present composite coatings. A mixture water+IPA (9:1 wt.
ratio water:IPA, surface tension 40.42 mN/m) [10] was used as a stronger
challenge of liquid repellency. Neither coating SC1 or SC2 displayed any
droplet sliding behavior, indicating that the water+IPA droplets were in a
Wenzel state of wetting. However, the corresponding contact angle values
were 126 + 3 (SC1) and 104 £+ 3 (SC2), indicating that the coatings did
display mild solvent repellency. Steele et al. [34] showed that in order to
produce surfaces repellent to such low surface tension liquids, great care
must be taken to contain very low surface energy groups while having the
polymer matrix itself develop its own surface texture features (e.g. polymer
cells, pores, etc).

For the CB-only filled coatings, the content of the dispersion reached up
to 2 wt. %. No higher CB content was utilized because of clogging of the

sprayer during experimentation, corresponding to device limitations. The
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clogging was attributed to the apparent increase in dispersion viscosity and
the tendency of the CB particles to aggregate and clog the sprayer. Previ-
ous studies have reported that raising the nanoparticle volume fraction in a
suspending liquid can result in disproportionate increases in dynamic viscos-
ity as compared with the pure dispersing fluid [35, 36, 37, 38]. Moreover,
undispersed agglomerates, which may persist even after sonic bath treat-
ment [39], can cause increased viscosity in nanoparticle dispersions as well
[36, 40]. Figure 4 confirms the presence of CB aggregates. These aggregates
were obtained by drying a small amount of the dispersion placed on a holey
carbon film supported by a standard electron microscope grid. Since the
limits of breaking up CB aggregates were apparently reached for our sonica-
tor, efforts were made to lower the volume fraction of the nanoparticles (to
reduce viscosity) by diluting the dispersion with increased acetone. However,
this resulted in large amounts of acetone reaching the surface and causing
nonuniform coverage of the substrates by the composite coating.

Figure 5 displays the effect of strain on droplet roll-off angle for coatings
SC1 and SC2 deposited on silicone rubber and polyester fabric substrates. It
is clear that SC1 preserves the self-cleaning property (roll-off angles < 10°)
for both silicone rubber and polyester fabric substrates throughout the strain
levels investigated. Stretching was ceased at 30% strain for the silicone rub-
ber substrate because visual crack formation of the coating began to occur
beyond that level. Visual crack formation of the coating on the polyester fab-
ric substrate was never noted, but permanent deformation to the substrate
began to occur beyond 70% of strain and for this reason, the straining of the

fabric was ceased at that level. It is important to note that in both cases, the
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strain was not ceased due to a loss of superhydrophobicity. Michielsen and
Lee [41] utilized Cassie-Baxter theory [31] in its original form (i.e. not simpli-
fied to liquid in contact with a flat porous surface) to review the relationship
between surface tension and roughness for artificially made superhydropho-
bic textiles. In that study, the wetting behavior was controlled by varying
the geometric structure of the fabric; surface energy was controlled by ap-
plying different chemical treatments. In the present study, wetting behavior
is influenced solely by the composite coating itself, as roughness is affected
by the filler particles, while surface energy is influenced both by the rubber
matrix and the particles. If the geometric structure of the underlying textile
did significantly affect the wettability of the surface, then there would be
a measurable difference in wettability between a flat coated substrate (e.g.
glass slide, silicone rubber) and a textured coated substrate (e.g. textile).
Figure 5 shows that the coating when on a flat substrate (silicone rubber)
has similar droplet roll-off angles as when on the fabric for varying stretched
states. This indicates that the fabric’s surface texture (i.e. roughness, which
is also expected to change with stretching) is not contributing to superhy-
drophobicity. One of the goals in developing the present coating system was
to be able to apply it to a variety of flexible substrates without relying on
each substrate’s inherent roughness to create superhydrophobicity.

Figure 6 shows roll-off angles for coatings SC1 and SC2 deposited on fab-
ric and silicone rubber substrates and their values during cycling at their
corresponding strain limits. SC1 remains self-cleaning on both silicone rub-
ber and polyester fabric beyond the four strain cycles. Coating SC2 with

roll-off angles between 10° and 20 ° is not quite self-cleaning, but maintains
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its superhydrophobic property throughout and beyond the four strain cycles.
It is argued that the higher strains achievable with the coated fabric (without
visual crack formation) were due to the fact that the coating conformed to
the fibers of the fabric rather than plugging its pores. A conformal coating
is supported by the ESEM images of Figure 7 where the coating clearly con-
forms to the bulk fibers. Choi et al. [21] also demonstrated a conformal style
coating for their strained polyester fabrics with tunable oleophobicity. In Fig.
6, we present only a few cycles of straining to show that superhydrophobicity
is maintained after repeated straining and contracting. Abrupt failure of the
coating was not observed after the four strain-contraction cycles; moreover,
loss of superhydrophobicity was not observed even after one-hundred strain-
contraction cycles, although the coating did begin to show slow mechanical
degradation with increasing number of cycles.

Figures 8(a)-(c) present ESEM images of coating SC1 deposited on stretch-
able indium foil. Once coated, the indium foil was strained to 18%. Figure
8(a) shows the presence of crack-like defects, which are randomly distributed
on the coating, but have a preferred direction of propagation perpendicular
to the applied tension [42]. During the formation of the crack-like structures,
nanofibers formed from the rubber binder were seen to bridge the microc-
racks; (c). The formation of small fibers is common in fracture of glassy
thermoplastics, where these fibers are referred to as fibrils, and the effect as-
sociated with their formation is referred to as crazing [43]. As seen in (b), the
fibril orientation is perpendicular to the direction of crack propagation; the
presence of fibrils is also quite homogeneous with respect to the depth of the

crack; (c¢). The average diameter of the observed fibrils is 70+£33nm, which
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is of the same order with previously observed polymer fibrils (5-30nm dia.)
[43]. Crazing is known to increase energy dissipation and fracture toughness,
due to the ability of the fibrils to support some load. While it is unclear
whether the fibrils themselves increase the fracture toughness of the present
composites, these fibrils play a positive roll in keeping the coating intact and
delaying macroscopic crack formation. It is also interesting to note the shape
of the fibrils themselves, which appear to be cylindrical but also decorated
with ‘pearls’. Periodic beads seem to form along the entire length of the indi-
vidual fibrils, as previously observed in nanofibers electrospun from polymer
solutions of low viscoelasticity [44, 45].

Figures 8(d)-(f) present ESEM images of coating SC1 applied on stretch-
able silicone rubber. Once coated, this substrate was stretched to 30% strain
and then allowed to relax. Figures 8(d)-(f) display images of the coating
surface at its relaxed state (i.e. 0% strain) and reveal the presence of mi-
crocracks. Prior to crack formation, the composite coating appears to have
formed fibrils, which broke probably under excessive strain. Remnants of
broken fibrils in Figure 8(f) indicate their earlier presence under reduced
strain. So while superhydrophobicity of the composite coating on silicone
rubber persists for stretching between 0-30% strain, coating fracture and
thus mechanical failure occurs at strains below 30%. This low level of strain
required for the composite coating to fracture, when compared to other NBR
composites, is attributed to the high level of particle filler concentration re-
quired for superhydrophobicity (3.3:1 filler particle:NBR mass fraction). It
should be noted, though, that flaking off of the coating, as previously ob-

served for other superhydrophobic surfaces undergoing significant stretching,
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is not observed for the levels of strain investigated here.

4. Conclusion

High strain sustaining (stretchable), superhydrophobic, nanostructured,
composite coatings have been synthesized by solution-based processing of
nitrile rubber and two separate particle fillers, nanoscale carbon black and
submicron-scale poly(tetrafluoroethylene). The coatings were optimized in
terms of minimizing particle filler mass content. The ability of these coatings
to conform to high strains of the underlying flexible substrate was demon-
strated. Superhydrophobicity of the coatings was demonstrated for uniaxial
stretching up to 30% strain on silicone rubber, 70% strain on polyester fabric,
and for cyclic stretching on these two substrates. Water droplet roll-off an-
gles were low enough in some cases to deem these coatings self-cleaning even
under extreme strain. Electron microscope visualization of coatings under
strain revealed that fibrils form as a result of crazing, and play a role in de-
laying the true fracture of the composite at high strains. The present results
are important as they offer a facile method to synthesize large-area, flexi-
ble, conforming, super-repellent coatings with commercially available bulk

ingredients.

5. Appendix

Please refer to the supplementary material for a video demonstrating
the spraying process as well as the water repellency of the coating at both

stretched and contracted states.
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7. Tables & Figures

Table 1: Composition Range of NBR/Particle Dispersions

Ingredient  Concentration (wt. %)

NBR 1.5
filler particles 1.0-9.0
acetone 97.5-89.5 (balance)

Table 2: Dispersion Compositions for Elastomeric Superhydrophobic Coat-

ings with Minimal Particle Content

Ingredient SC1 (wt. %) SC2 (wt. %)

NBR 1.5 1.5
CB 0.5 0.0
PTFE 4.5 7.0
acetone 93.5 91.5
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Figure 1: ESEM images of composite coating SC1, deposited on indium
foil, unstrained, demonstrating hierarchical roughness by dual filler particle

addition for (a) low magnification and (b) higher magnification.
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Figure 2: Sessile water droplet CA variation as a function of filler particle
content for coatings with different fillers. The PTFE+CB case maintains
a filler particle wt. ratio of 9:1 PTFE:CB. The coatings were deposited on

glass slides. Each data point represents 10 water CA measurements.
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Figure 3: Water droplet roll-off (sliding) angle as a function of filler particle
dispersion content for coatings with different fillers. The coatings were de-
posited on glass slides. 40 measurements were averaged for each data point.
For filler dispersion concentrations less than 4 wt. % PTFE+CB and 6 wt.
% PTFE, water droplets remained pinned to the coating’s surface even when

inverted.
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Figure 4: TEM image showing the morphology of the CB filler particles
used in this work. Image analysis showed that the mean diameter of the CB

primary units is 21 nm (standard deviation 3 nm).
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Figure 5: Water droplet roll-off angles as a function of strain for coatings
deposited on silicone rubber and polyester fabric. 10 roll-off angle measure-
ments were averaged for each data point. Uncoated silicone rubber did not
allow droplet roll-off even when inverted. The uncoated fabric showed incon-

sistent roll-off angles in the range of 30° to 90°.
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Figure 6: Water droplet roll-off angles for coatings deposited on silicone rub-
ber and polyester fabric at both stretched (S) and contracted (C) conditions.
Coated silicone rubber substrates were cyclically stretched to 30% strain,
while coated fabric substrates were cyclically stretched to 70% strain. 10

measurements were averaged to obtain each data point.
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Figure 7. ESEM images of the uncoated polyester fabric at (a) low-
magnification, and (b) higher magnification. ESEM images of composite
coating SC1, deposited on polyester fabric, unstrained, demonstrating con-
formal coating of the fabric fibers at (¢) low magnification, and (d) higher

magnification.
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Figure 8: (a)-(c) ESEM images of composite coating SC1 (deposited on
indium foil, strained to 18%) at different magnifications increasing from left
to right showing crazing. (d)-(f) ESEM images of composite coating SC1
deposited on silicone rubber relaxed after stretching to 30% strain. The

inset in (f) displays a magnified image of broken fibrils.
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