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increase with an increasing number of icing/deicing cycles. In comparison, there is no change
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Variation in 7;.. with oil viscosity. Values of 7;. for lubricated surfaces strongly depend on
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T;ce for surfaces with interfacial slippage are markedly independent of viscosity (coatings BH,
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A half-coated license plate during outdoor winter 2013 testing, with ice only accreted on the
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Elastomer solubility parameter determination. a, Equilibrium swell ratios for the PU as a
function of the probe solvent’s solubility parameter, dsypent- The data is fitted to a Gaus-
sian. b, Equilibrium swell ratios for the FPU as a function of d,jyent- The data is fitted to a
bi-modal Gaussian, accounting for the swelling of the fluorinated and urethane components
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Tensile test data. a, Stress-strain results for our icephobic polyurethane rubber (VytaFlex
40, 15 wt% safflower oil). Note that the elongations at break are in excess of 1,000%. b,
Re-plotting the data using Mooney-Rivlin axes allows p“* to be computed (intercept of the
y-axis at infinite elongation). Due to inaccuracies of the test machine at very small strains,
linear regressions for the stress-strain data were fit when A~1 < 0.8, where \ is the extension
ratio. For all the materials tested, error between swelling studies and tensile test data was
typically < 5%. The error between measured samples was usually much larger than the test
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with an overall uncertainty of around 10%. . . . . . . . . . . . . ... .. ...
PDMS-based coatings having low or high p“*, with or without interfacial slippage. . . . . .

When treated with a PDMS-silane, surfaces exhibited interfacial slippage and consequently
low ice adhesion. Fluoro-silanes, known to not exhibit interfacial slippage[6], showed rela-

tively high ice adhesion, in spite of their low solid surface energy. . . . . . . . . . . . . ..

Mechanisms responsible for low ice adhesion. a, Relationship between p* and 7. for coat-
ings without interfacial slippage. Error bars are 1 standard deviation. Notice the surface
chemistry independence for these materials. b, Variation of 7., with p©* for coatings with
interfacial slippage enabled. The data is plotted on logarithmic axes and the error in the data

isshownin Fig. 2.10b. . . . . . . . . . L e e e e e e

Mechanisms responsible for low ice adhesion. a, Relationship between p* and 7. for coat-
ings without interfacial slippage. Error bars are 1 standard deviation, and the best fit is found
using the method proposed by York et al.[7]. The slope is 0.51 £ 0.04. b, Variation of T

with p©” for coatings with interfacial slippage. The best-fit slope is 1.01 +0.03. . . . . . . .

Force versus time curve analysis. (a and b) Force versus time curves for a lubricant (PMHS
oil) and a lubricated (coating R) surface. The number next to each curve is the order in which
the testing was performed. (c) Representative surfaces from Fig. 2.10b, where the ice un-
adhered by interfacial cavitation. Note the abrupt drop in force once the ice had detached.
Depending on the cross-link density, the ice adhesion can be low or high, but the mechanism
for detachment remained the same. (d) The FPU (coating ZZ), which had no uncross-linked
chains, caused ice to detach by interfacial cavitation, which resulted in high but consistent ice
adhesion values. (e) In contrast, the PU coating (pCL = 33 + 1 mol/m?, 15 wt% safflower
oil) showed interfacial slippage. Note the persistence of a nonzero sliding force long after the
ice had moved from its original location. Comparing (a) to (e), it is apparent that lubricated
surfaces lose their oily layer quite rapidly, transitioning to high ice adhesion surfaces. (f)
In contrast, varying the cross-link density on surfaces exhibiting interfacial slippage, the 7;..

values can also be low or high, but the mechanism for detachment remains the same. . . . . .

The ice-reducing potential I* as a function of p©~. Error bars are 1 standard deviation, and

for the best-fit curve shown, R2 = 0.89. . . . . . . v v v i i e

AFM phase images and optical micrographs of the PU coating with 15 wt% safflower oil, the
PU coating with 10 wt% silicone oil, or the PU coating with no oil, are shown in a, b, and c,

respectively. Whereas (a) and (c) appear dry, the lubricating layer is quite visible in (b). . . . .
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Superhydrophobic and icephobic surfaces. Droplets of water placed on icephobic PDMS pil-
lars (coating I in Table 2.1) display superhydrophobicity, with 6%, /07,. = 165°/161° with
water, and a low roll-off angle of 3°. For 20 successive icing/deicing cycles on such surfaces,
we measured 7, = 26 + 3 kPa. These surfaces effectively repel liquid water through min-
imizing the solid-liquid contact area, and solid ice through low p“” and interfacial slippage.

The differing mechanisms allowed the surface to remain icephobic even after the surface was

fully frosted. . . . . . . . . L e e e

Icephobicity of coated meshes. a, The parameter space of mesh properties evaluated. b,
The effect of dip coat solution concentration on % open area. ¢, SEM micrograph of a PDMS
coated, mesh 500. d, Frost all around our ice testing setup, including underneath the suspended
mesh. e, T;c. versus the % open area of meshes with D = 140 pym. f, 7. versus D? for
meshes with an open area of 30%. g, 7;. for a coated mesh correlated well with the predictor
D?r, where r was the Wenzel roughness and D was the wire diameter. The low interfacial
area between ice and the substrate can significantly lower 7;.. . A PDMS-coated (pCL =
219 4 13 mol/m3, 25 wt% 100 cP silicone oil) mesh with a wire diameter of 140 ym and an
open area of 59% displayed TiC"LeeSh = 2.440.5 kPa, whereas Tﬁooth = 35 £ 5 kPa. The inset

shows the experimental setup for suspended metal mesh ice adhesion testing. . . . . . . . . .

The force vs. time curves for coating Q, comprised of Sylgard 184 PDMS and 75 wt% silicone
oil (Table 2.1), which displayed an initial ice adhesion strength of 7;. = 0.1540.05 kPa. The

x” symbol denotes the time when ice first un-adhered from the coating. . . . . . . . .. ..

Comparison of coatings in this work with other state-of-the-art icephobic surfaces. Also, ad-
ditional durability characterizations are presented for the PU coating with interfacial slippage
(coating CB in Table 2.1). For details on each coating and test configuration, see Sec. 2.2.

a, Mechanical abrasion of three different icephobic coatings. The PDMS (coating NN) and
lubricated PU (coating CC) were easily damaged or delaminated within 20 abrasion cycles,
whereas the PU with interfacial slippage (coating CB) survived over 5,000 cycles while main-
taining low ice adhesion. b, The effect of oil content in our PU on 7;.. after normalizing by
p¢L. The miscibility limit of safflower oil is ~ 16 wt%. It was clear that once the oil started
to phase separate from the PU elastomer, the mechanism for reduced ice adhesion transitioned

from interfacial slippage to lubrication. . . . . . . . . . . .. ... L.

Outdoor testing of a PDMS-based coating (coating NN; see Table 2.1) for 4 months during
winter 2014. On Februar 12, the un-coated panel was covered with a ~ 7 mm layer of glaze,
the type of ice with the strongest adhesion[8]. No ice had accreted on the coated panel. On
March 4, 2014, snow followed a night of freezing rain, which completely covered the un-

coated panel. The coated panel only had a small amount of accreted ice remaining. . . . . . .

34



2.20 Interfacial slippage mechanism additional data. a, Comparison of five samples (BX: PU +
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15 wt% vegetable oil, BH: PDMS-modified PU + 10 wt% silicone oil, RR: low p“’ PDMS
without oil, 00: low p©~ PDMS + 25 wt% silicone oil, CB: PU + 15 wt% safflower oil, see
Table 2.1) sent to CRREL compared to data taken in-house. Note that CRREL data points
(Mode-I) were the average of two different samples tested once, whereas the in-house data
points (Mode-II) were the average of at least 10 subsequent measurements. Mode-I is defined
by tensile loading at the ice-substrate interface, whereas Mode-II is defined by shear loading
at the ice-substrate interface[9]. The zero-degree-cone test (ZDC) is an alternate method of
evaluating Mode-II ice adhesion. b, Low temperature studies for the polyurethane filled with
15 wt% vegetable, cod liver, or safflower oil. The increase in ice adhesion indicated the loss
of interfacial slippage, caused by the freezing of the fatty acid chains. The polyunsaturated
fatty acid content increases from vegetable to cod liver to saffloweroil. . . . . . . . . . . ..

The crosslink density reduction of oil-filled elastomers. a, the ratio of the apparent swell ratio
to the unfilled swell ratio (no oil) for seven different elastomer/oil combinations, versus the
oil content. The oil content has been normalized by the maximum oil solubility within the
elastomer for readability purposes only. The solid lines represent Eq. (3.4). b, the crosslink
density reduction for the same seven elastomer/oil combinations. VF40: Vytaflex 40. MCT:
medium chain triglyceride oil. HL SFO: high-linoleic safflower oil. SO: silicone oil. HD:
hexadecane. CF50: Clearflex 50. DIDA: diisodecyl adipate. PB-6: polybutene lubricant. See
Sec. 34 fordetails. . . . . . ... L L L
(Ieft) The measured reduction in crosslink density for three different elastomers swollen in
seven different oils, plotted against the amount of oil within the rubber. (right) the same data
plotted in logarithmic coordinates, along with a line of slope 5/3. See the caption of Fig. 3.1
for abbreviation meanings. . . . . . . . . . L Lo Lol e e e e e
The surface fraction of oil-filled elastomers. a, the solid fraction of an oil-filled elastomer
versus the oil content within the elastomer. b, this data collapses when the oil content is nor-
malized by its maximum solubility within the elastomer. HO = high oleic. DUP = diundecyl
phthalate. . . . . . . . . L e e e e e
Icephobic elastomers. The ice adhesion strength versus oil content is shown for four elas-
tomer/oil combinations. a, Vytaflex 40 filled with MCT oil. b, Vytaflex 40 filled with high-
linoleic safflower oil. ¢, PDMS filled with silicone oil. d, ClearFlex 50 filled with DIDA. For
all these surfaces, the inputs to Eq. (3.2) can be found by experimentally measuring p©~ and
¢s. The measured predictions using Eq. (3.2) are shown as red squaresina-d. . ... .. ..
Icephobic linear polymers. a, PVC plasticized with MCT oil or DIDA showed good agreement
with Eq. (3.9), and excellent icephobicity after ¢,;; > 0.5. b, all the icephobic, linear polymers
discussed in this work were > 98% transparent. Here we show the transmittance versus
wavelength for PVC plasticized with 50 wt% MCT oil. The inset shows an optical image of
the same coating. c, PS became icephobic at very low concentrations of plasticizer, but still fit
the proposed theory extremely well. d, Excellent agreement was observed between Eq. (3.9)
and four polymers plasticized with MCT oil. The solid lines are Eq. (3.9). . . . . .. . . ..
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Designing icephobic surfaces. a, a phase diagram for oil-filled materials. The regime of possi-
ble durability, the green region containing surfaces utilizing interfacial slippage, is bounded by
Eq. (3.10) and Eq. (3.11). b, when Vytaflex 40 was lubricated with four oils of differing solu-
bility, the initial 7;.. values (open symbols) fell within the lubrication regime. Eq. (3.11) ex-
actly predicted the value that the ice adhesion strength increased to upon wiping away the free
oil layer (closed symbols). c, for 10 different elastomer/oil combinations, our measured reduc-
tions in ;. for surfaces that exhibited interfacial slippage were always bounded by Eq. (3.10)
and Eq. (3.11). EuO = eucalyptus oil. d, lubricated elastomers from prior studies can initially
achieve ultra-low reductions in 7;.e, and the reported 7;.. values correctly lay in the lubrication
region predicted by Eq. (3.11). The data from Zhu et al. (2013), re-cast using the literature
Tice Value for PDMS, is denoted by an asterisk. For the data of Wang et al. (2015), only one
0oi1 value was reported, so all the surfaces have been placed at this value. . . . . . . . . ..

A schematic of the situation currently being investigated. In many of our experiments, L > w.
a, the apparent shear strength of an interface as a function of its length. Before L., the interface
is controlled by strength and the apparent shear strength is constant. At lengths exceeding the
critical length, the shear stress decreases with an inverse square root dependence[10]. b, the
force (per unit width) required to fracture an interface increases linearly with length until L..
Beyond L., the interface fails by crack propagation and the force required to propagate the
crack is independent of length. Increasing the height (thickness of ice) causes L. to increase,
but the force still plateaus above some critical length. . . . . . .. .. ... ... ... ..
The modified setup capable of measuring specimens varying in length. Here 11 pieces of ice
(8 different lengths) were frozen to a Mold Max STROKE sample (dyed red for visualization). .
(left) The force per unit width to detach ice from a silicone rubber (Mold Max STROKE).
(right) The apparent ice adhesion strength of Mold Max STROKE. No critical length was
observed,and 7', = Tice =28 £3kPa. . . . . ..o
(left) The force per unit width to detach ice from an icephobic silicone rubber (Mold Max
STROKE filled with 40 wt% silicone oil). (right) The apparent ice adhesion strength of this
surface. No critical length was observed, and 7, = Tjee = 5.3+ 03kPa. . . . . ... ...
(left) The force per unit width to detach ice from PDMS (Sylgard 184). (rlght) The apparent
ice adhesion strength of Sylgard 184. No critical length was observed, and 7.\.. = Tje =
117 £ 23 kPa. Note that after L = 15 cm, ice failed cohesively. . . . . . . . .. ... ...
(left) The force per unit width to detach ice from icephobic PDMS (Sylgard 184 + 25 wt%
silicone oil). (right) The apparent ice adhesion strength of this surface. No critical length was
observed,and 7\, = Tice =71 £ TkPa. . . . . .. .. ..o o oL
(left) The force per unit width required to detach ice from UHMWPE. (right) The apparent
ice adhesion strength of UHMWPE. After L. = 3.1 cm, the force becomes constant, and 7,7,
begins to decrease. At L =20cm, 7, =40+£8kPa. . . . . .. ... ... 0oL
(left) The force per unit width required to detach ice from LDPE. (right) The apparent ice
adhesion strength of LDPE. After L. = 4.6 cm, the force becomes constant, and 7. begins
todecrease. At L =20cm, 7, =57+ 13kPa. . . . . . . ..o
(left) The force per unit width required to detach ice from PP. (right) The apparent ice adhesion
strength of PP. After L. = 3.6 cm, the force becomes constant, and 7., begins to decrease. At
L=20cm, 7}, =65+13kPa. . . .. ... ... ... o
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(left) The force per unit width required to detach ice from PS. (right) The apparent ice adhesion
strength of PS. After L. = 8.1 cm, the force becomes constant, and 7.7, begins to decrease.
AtL=20cm, 7}, =76E£25kPa. . . . . . . ... Lo

wce

(left) The force per unit width required to detach ice from ABS. (right) The apparent ice

adhesion strength of ABS. After L. = 2.5 cm, the force becomes constant, and 7.7, begins to

decrease. At L =20cm, 7¥_ =45+2kPa. . . . . . . . . ...

wce

(left) The force per unit width required to detach ice from PC. (right) The apparent ice adhesion

strength of PC. After L. = 6.5 cm, the force becomes constant, and 77, begins to decrease.

AtL=20cm, 7, =103£5kPa. . . . . . ... Lo

wce
(left) The force per unit width required to detach ice from PMMA. (right) The apparent ice
adhesion strength of PMMA. After L. = 6.2 cm, the force becomes constant, and 7,7 begins

ce

todecrease. At L =20cm, 7, =121+ 11kPa. . . . . . ... ... ...
(left) The force per unit width required to detach ice from PETG. (right) The apparent ice
adhesion strength of PETG. After L. = 6.8 cm, the force becomes constant, and 7., begins

to decrease. At L =20 cm, 7, =83 £53kPa. . . . . ... ... oL
(Ieft) The force per unit width required to detach ice from CPVC. (right) The apparent ice
adhesion strength of CPVC. After L. = 5.6 cm, the force becomes constant, and 7;;_ begins
todecrease. At L =20cm, 75, =50+8kPa. . . ... ... o oL
(left) The force per unit width required to detach ice from Nylon. (right) The apparent ice
adhesion strength of Nylon. After L. = 4.8 cm, the force becomes constant, and 7., begins
to decrease. At L =20cm, 7, =109+ 36kPa. . . . . .. ... ...
(Ieft) The force per unit width required to detach ice from PVC. (right) The apparent ice
adhesion strength of PVC. After L. = 9.3 cm, the force becomes constant, and 7., begins to

decrease. At L =20cm, 7, =152+ 70kPa. . . . . ... ... ... .. L.
(left) The force per unit width required to detach ice from PTFE. (right) The apparent ice
adhesion strength of PTFE. After L. = 3.5 cm, the force becomes constant, and 7;;,. begins to
decrease. At L =20cm, 7, =40+ 12kPa. . . . . . ... ..o Lo
(left) The ice adhesion strength of twelve different polymers, plotted against the 1 + cosf,.¢.
parameter. As has previously been shown, the more hydrophobic a surface, the lower the
adhesive strength with ice. (right) The interfacial toughness between ice and the same twelve
polymers, plotted against the same parameter. Unlike adhesive strength, interfacial toughness
was independent of the work of adhesion. . . . . . . . .. ... o oo
The compiled fracture data for two materials, UHMWPE (4), and icephobic PDMS, Sylgard
184 + 25 wt% silicone oil (e). After L ~ 12 cm, less force was required to detach ice from
the UHMWPE than the icephobic PDMS. . . . . . . . . . . . .. .. ... .. ......
For five different thicknesses of PVC plasticized with 50 wt% MCT oil, the force to detach ice
versus the length of interfacial area. Note that, for the thickest sample, a critical length was
notobserved. . . . . .. L e e e e e e e e e e e e e e e e
(left) I';. for five different thicknesses of PVC plasticized with 50 wt% MCT oil. (right) The
ice adhesion strength of the same five samples follows the inverse square root dependence
predicted for failure by cavitation (Eq. 1.10). . . . . . . . . . . . ... ...
The force of detachment versus the interfacial length for two LIT materials. We evaluated the
force of detachment at a length of L = 100 cm, and observed no increase in the required force
of detachment. The apparent ice adhesion strength at this length was 10x lower than ;.. for

both the materials. . . . . . . . . . . . . e e e e e e
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6.1

The proposed mechanism for the bidentate attachment of 1,3-dichlorotetramethyldisiloxane.
a, a Si wafer with surface hydroxyls is exposed to the vapor of the silane. b, the silane reacts
with the hydroxls, but with a maximum surface coverage of only ~ 1/3. Hydrochloric acid
is given off as a reaction product. The final surface can be quite hydrophobic (0y4y/0rec =
104°), but surface hydroxyls still remain. c, the reacted wafer is subsequently exposed to
vapors of trimethylchlorosilane, to react with the remaining surface hydroxyls. d, the capped
wafer, where most of the hydroxyls are now converted to fully methylated Si atoms. The cb-
PDMS exhibited contact angles approaching the values observed for close-packed monolayers
of trimethyl groups (fy = 110°)[11]. Note that we show the likely case where complete
reaction is not achieved, due to steric hindrance[12]. . . . . . . . . . . . . .. ... .. ..
a, the micro-hoodoo structures fabricated inthiswork . . . . . . . . . . . . ... ... ..
a, the advancing and receding water contact angles on the b-PDMS surface as a function of
thickness. Here the thickness was controlled by the exposure time to the silane (ranging from
30 seconds to 1 hour). Complete surface coverage was achieved around a thickness of 4 nm. b,
exposing the b-PDMS surface to O, plasma and subsequently re-silanizing the surface yielded
a new surface with identical A# as before oxygen plasma treatment. However, the thickness
was increased, and this could be repeated for at least ten subsequent exposures. . . . . . . . .
(left) A traditional Zisman plot for the b-PDMS surface. Fluorinated liquids are not included
in the analysis. The critical surface tension is vy = 20 mN/m. (right) the Zisman plot
with fluorinated liquids included. Contrary to a typical Zisman analysis, liquids with surface
tension less than the critical surface tension do not exhibitd =0°. . . . . . . . . . . . ...
A droplet of Krytox 100 (a perfluoropolyether lubricant, 771, = 16 mN/m) was placed on the
cb-PDMS surface at a tilt angle of 0.5°. The droplet easily slid from the surface, displaying
negligible hysteresis, and did not leave a wetting trail. . . . . . . . . . . .. ... ... ..
Advancing and receding contact angles for both water and hexadecane on the cb-PDMS sur-
face, as a function of the number of linear Taber abrasion cycles. No degradation of either ¢
or Af wasobserved. . . . . .. L L e e e e e e
Droplets of four different liquids (water; HD: hexadecane; Krytox 103; PFD: perfluorode-
calin) atop our cb-PDMS-treated micro-hoodoos. Static droplets from goniometric analysis
are shown in the top of the figure, and an optical image of the droplets in shown in the bottom.

The water and hexadecane were dyed for visualization. For water, 6%, /0., = 163°/134°.
For hexadecane, 0%, /0r.. = 168°/115°. For PFD, 0%, /0%.. = 165°/111°. Viscous effects

prevented accurate dynamic contact angle measurements of Krytox 103. . . . . . . . . . ..
(left) The measured ice adhesion shear strength as a function of shear rate, for the b-PDMS and
cb-PDMS surfaces. (right) When plotted in logarithmic space, a straight line was observed,
indicating the power law regime of the viscousfluid. . . . . . . . . .. .. ... ......
a, the adhesion shear strength between five different solid adherents and the b-PDMS mono-
layer. b, the relative adhesion strength, normalized by the adhesion strength of the adherents
to bare silicon. The five adherents are classified by their primary bonding type. . . . . . . . .

The geometric configuration of micro-pillars discussed here. The value of 5 shown is for an
ideal case where particles reach the bottom of the pillars, but not the region in between the
pillars (6 = f.-). The pillars alone lack re-entrant curvature and cannot support a composite
interface with low-vry liquids. These points are discussed below. Within the streamlines are
the two chemical components used in this work, PDMS and F-POSS (see Sec. 6.2). . . . . . .
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6.3
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6.8

6.9

6.10

6.11

6.12

A-C) SEM micrographs of 20 pm high PDMS pillars with D* values of 10, 42, and 100,
respectively, without any spray coating. Images are taken at 45 °from the horizontal. Scale
bars are 100 pm. The inset in A shows a single pillar; scale baris S ym. . . . . . . . . . ..
Although a smooth PDMS film was roughly 96% transparent in the visible range, PDMS
micropillars can cause significant light scattering. a, SEM micrograph of 30 pum high pillars
with D* ~ 1 seen from a 65°angle from the horizontal. b, Transmittance as a function of
wavelength for the structure shownin (A). . . . . . . . . . .. ..o
Fabrication method. First, the desired pattern is etched into a silicon master mold using pho-
tolithography. PDMS is poured into the master mold and cured in an oven. PDMS/F-POSS is
sprayed onto the pillars, which are subsequently cured again. See Sec. 6.2 for more details. . .
A-C) PDMS pillars (D* = 10) spray-coated with PDMS/F-POSS for 30, 120, and 240 sec-
onds. D-F) PDMS Pillars with D* = 100, spray-coated for 30, 120, and 180 seconds. . . . . .
The stagnation point flow created by our spray setup (4 is the boundary layer thickness). The
corresponding streamlines are also shown. The blue box denotes the applicable region for our
setup, where substrates are directly beneath the axis of the spray gun. . . . . . . . ... ..
Transparency of the surfaces sprayed with the PDMS/F-POSS for different spray times and
D* values. For all spray times greater than 0 seconds, a maximum in transparency persisted
at D* = 42. The inset in (a) shows the pillars with (D* = 10). Scale bar: 25 ym. . . . . . . .
A schematic illustrating the various possible cases when (3 is either less than, equal to, or
greater than ... The effects of varying 8 on controllable particle deposition is also shown. . .
A, Contact angle measurements with water, hexadecane, and ethanol for pillars with D* =
100. The filled and open symbols represent advancing and receding contact angles, respec-
tively. B, Contact angle hysteresis as a function of v,y for pillars with D* = 100, sprayed for
120 seconds. The inset shows the re-entrant PDMS/F-POSS structure; scale bar: 5 ym. . . . .
A) Droplets of varying surface tension beading up on an Apple iPhone 3GS screen coated with
20 pm pillars with D* = 42, and spray coated with PDMS/ F-POSS for 120 seconds. The inset
shows the top view of the same droplets to highlight the transparency of the coating. Scale bar:
500 pm. B) A design diagram for pillars with D* = 100 combining transparency and liquid
repellency characteristics. The insets are optical images of droplets of water, hexadecane
(HD), and ethanol sitting atop the spray-coated pillars. The composite interface was clearly
visible underneath the liquiddroplets. . . . . . . . . . . . . . .. ... .. ...
Time-lapsed movie frames corresponding to flat PDMS (top), 20 pm high pillars with D* =
100 (middle), and 40 pm high pillars with D* = 100 (bottom). The frames support the
proposed model, as fewer particles accumulate between the 20 pm high pillars than between
the 40 pm high pillars. . . . . . . . . . L e e e e e e
Movie frames taken with 10 ms intervals were superimposed for droplets of water and ethanol,
respectively. The droplets rolled back and forth several times before reaching the edge of the
substrate, which highlights the ultra-low A0*. . . . . . . . . . . . .. .. ... ......
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7.7

7.8

7.9

Data for F-POSS. a, The Hansen sphere for F-POSS, constructed using seven pure fluorinated
solvents and 27 mixtures. See Table 7.1 for the coordinates of the sphere. b, The Hansen ra-
dius and dispersive component as a function of F-POSS solubility concentration. As expected,
forcing higher concentrations of F-POSS to be solubilized decreased the radius of the sphere,
and shifted the center closer to the best solvent, hexafluorobenzene. ¢, The change in F-POSS
radius and dispersive component as a function of concentration. Other than the 1 mg/mL con-
centration, all other spheres had essentially no polar or H-bonding components. The 1 mg/mL
sphere was centered at (5p = 13.88 4 0.05, 6p = 0.15 + 0.55, 7 = 0.60 + 1.10 MPa'/2).
The radius was R, = 5.1 MPa'/2. d, TGA (10 °C/min) for pure F-POSS, pure FPU and the
blend of FPU + 15 wt% F-POSS. . . . . . . . . . . . . o
The forces experienced during Taber abrasion, found using Hertzian contact mechanics, as-
suming a cylinder/cylinder configuration[13]. b, The 25 L water roll-off angle for the FPU/F-
POSS coating versus the number of sandpaper abrasion cycles, mimicking a previously re-
ported durability characterization[14]. The inset shows the linear Taber abrasion machine,
modified to perform sandpaper abrasion. . . . . . . . ... .00 e e e
The roll-off angle of the FPU + 15 wt% F-POSS coating versus temperature held for 1 hour.
The inset shows TGA of the same coating, at different temperature points. . . . . . . . . . .
a, The roll-off angle of the FPU + 15 wt% F-POSS coating after O, plasma treatment, as a
function of recovery time at 80 °C. As the fully fluorinated chains bloomed to the surface, the
surface energy decreased, and water was more easily repelled. The insets show water droplets
(dyed blue) after Oy plasma treatment, and after thermal recovery. b, Ten successive Og
plasma/recovery cycles, highlighting that the self-healing nature of the FPU/F-POSS coating
Was qUIte TODUSE. . . . . . o o o L e e e e e e e e e e e e e e e e e e e
Visualization of the S* parameter for three binders in 3D Hansen space. FO-POSS: fluorooctyl
polyhedral oligomeric silsesquioxane. FPU: fluorinated polyurethane. F-POSS: fluorodecyl
polyhedral oligomeric silsesquioxane. . . . . . . . . . . . ... Lo oo
a, The parameter RS, is shown by filling in each periodic ’element’. b, The autocorrelation
function of a surface versus the distance along the surface examined. In this work, a value of
e twasusedasacutoff. . . . . . .. ...
a, The apparent receding contact angle versus the P* parameter. The sharp transition at P* =
1.0 denoted an intrinsic contact angle of #y = 120°. b, Measured and predicted apparent
advancing contact angles versus the developed statistical porosity parameter, D7, ;. This plot
includes all the different systems from Table 7.4. The inset shows an SEM micrograph of the
FPU + 15 wt% F-POSS sprayed surface, with representative R.S,, and S,; values indicated. .
A Phase diagram for all the surfaces developed in this work (see Table 7.4). Only surfaces with
P* < 1.0 can be superhydrophobic (0roi—off < 15°), and additionally only surfaces with S*
< 1.0 can be mechanically durable (0 goy—o s < 15° after 100 abrasion cycles). The non-SHS
that exhibited P* < 1.0 was a blend of FPU/FO-POSS. For this blend, fy = 91°, although the
sprayed texture required 6. = 114°. This exemplifies when the texture is sufficient to produce
a SHS, but the chemistry does not exhibit low enough surface energy. . . . . . . . ... ..
a, The shear stress experience during Taber abrasion as a function of depth into the coating.
The values were found using Hertzian contact mechanics (see Sec. 7.2.7). The inset shows
the Taber abrasion machine. b, Additional durability characterizations that the FPU + 15 wt%
F-POSS coating could withstand without self-healing. . . . . . . . .. ... .. ... ...
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7.11

7.12

7.13

7.14

7.15

7.16

7.17

8.1

8.2

8.3

8.4

a, The roll-off angles for three commercially available SHSs and eight of the SHSs fabricated
in this work (§* < 1.0), initially and after 100 abrasion cycles. C: chlorinated rubber, F:
FPU, D: Desmophen 670BA, S: SF-100, P: PFPE. b, The droplet roll-off angles for four
representative, durable SHSs fabricated in this work. The data for the propylene glycol chain
extended FPU/F-POSS, and the self-healed FPU/F-POSS, are also shown. . . . . . . . . .. 126
a, Heightmaps of a smooth FPU + 15 wt% F-POSS film versus the number of Taber abrasion
cycles. b, Root-mean-squared height of smooth FPU + 15 wt% F-POSS, spin-cast from either
Asahiklin-225 (AK) or Vertrel XF (XF). Smooth FPU without F-POSS, sprayed from CHCl3,
is shown for comparison, along with the CS-10 wheel. c, The receding contact angle of the
FPU + 15 wt% F-POSS coating, either smooth or rough, as a function of abrasion. a-c support

that the abrasion process was not inducing superhydrophobicity. . . . . . . . . . . .. . .. 127
The roll-off angle for four binder/filler blends after self-healing, as a function of the number
of abrasion cycles. . . . . . . . ... e e e e e e e e 128
The four statistical parameters characterizing the FPU + 15 wt% F-POSS spray-coated blend,
as a function of the number of Taber abrasioncycles. . . . . . . . . .. .. ... .. ... 129

Capillary resistance. a, The P* parameter as a function of the number of abrasion cycles
for the FPU/F-POSS coating after self-healing. The inset shows water droplets (dyed blue)
displaying high contact angle even after 5,000 abrasion cycles. b, The breakthrough pressure
of the FPU/F-POSS coating as a function of abrasion, after self-healing. . . . . . . .. ... 130
A water droplet, dropped from a height of 1.7 m, impacted the abraded region (4,000 abrasion
cycles) of the FPU/F-POSS coating at a velocity of 5.7 m/s. After breaking up, the satellite
droplet bounced at least four times after impacting the surface. The surface was tilted 1.5°. . . 130
Texture recovery. a, The self-healing properties of the FPU/F-POSS coating as a function of
time and temperature, after 1,000 Taber abrasion cycles. .S, increased from 2.6 ym to 3.3 ym
during self-healing. b, The contact angle hysteresis for the FPU/F-POSS coating before and
after thermal recovery from compression, as a function of the compressive load. Note that
the compressed coating’s Af decreased with an increase in applied load because the surface
became smoother after compression. All compressed surfaces were fully wetted. . . . . . . . 131
a, Height maps of the FPU/F-POSS coating after 150 MPa compression, as a function of recov-
ery time at 100 °C. b, The recovery of the texture was also imaged in situ using environmental
scanning electron MiCroSCOPY. .« « « v v v v v v v e e e e e e e e e e e e e 132

Slip on SHSs. a, A schematic of the three phase interface that can form on a superhydrophobic
surface. b, Above the solid surface, the velocity of the flow at the wall must go to zero to match
the solid. However, over the air pockets, the velocity can be non-zero, creating a slip velocity

and a corresponding slip length. . . . . . . . . .. Lo oL 134
A schematic of the turbulent boundary layer that exists very close to the wall of a body in
turbulent flow[15]. Uy, is the mean velocity far away from the surface. . . . . . . . . . . .. 135

a, the location of the meniscus for surface #2 at low pressure (conventionally used to measure
contact angles) and at higher pressure. The height maps are 2.5 x 2.5 mm. b, #* as a function
of pressure for the four surfaces considered in this work. The lines are power law fits to the
data. The insets show goniometer images of droplets on surface #1 (below) and #3 (above). . . 137
SEM micrographs of the four SHSs produced in thiswork. . . . . . . . ... ... .. ... 138
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8.9

8.10

8.11

8.12

8.13

Modifying surface #2. In order to change the form drag associated with surface #2 (b), the
texture was slightly modified to either decrease (a) or increase (c) surface roughness. Large
asperities can be seen for the rougher variant, whereas these were absent in the less rough
versionof surface #2. . . . . . L L oL oL L 139
Contact angle hysteresis at higher pressure. The advancing and receding contact angles for

the four superhydrophobic surfaces reported in this work are shown as a function of droplet
Laplace pressure. The closed symbols were obtained using the maximum/minimum contact

angle observed before a droplet rolled off the surface. The open symbols were obtained using

the conventional goniometric technique. An arbitrary pressure of 50 Pa was chosen for the
conventional technique for ease of reading, and is not indicative of the size of the droplets used. 140
Justification for triangular aggregates. The calculated projected area of each aggregate pro-
truding into the flow for surfaces #1 (a) and #2 (b), normalized by its actual area. By using
different geometrical area formulae, it was apparent that triangles represented the data quite
accurately (as evidenced by a value of unity on the abscissa). Thus, for our form drag calcula-

tions on each asperity, Cp = 0.5 wasusedinEq. 8.2. . . . . .. .. .. ... ... ..., 141
a, To evaluate the mechanical durability of our SHSs, we subjected our surfaces to high-

speed flow in hour increments, from 2 m/s up to 10 m/s. This corresponded to a height-based
Reynolds number of Rey = 20, 000 up to Rey = 80, 000. After each speed, the root-mean-
squared roughness, k, was measured to ensure that the surface remained intact. The inset
height-maps above measured 1.3 x 1.3 mm. b, The mechanical durability was also assessed

by subjecting our most drag-reducing surface, the less rough variant of surface #2, to rotary

Taber abrasion. Three commercially available, and purportedly durable, superhydrophobic
surfaces were tested for comparison. The contact angle hysteresis, measured conventionally

(low pressure measurement), drastically increased only for the commercial coatings, as they
became damaged. . . . . . . . . L L e e e e e e 142
a, The four surfaces fabricated in this work, sprayed onto 1.2 m-long substrates. b, The closed-
channel flow facility developed for the skin-friction evaluation in this work. . . . . . . . .. 142
Average wall shear stress calculated from the streamwise pressure drop along the fully-developed
turbulent channel with one baseline, hydraulically-smooth surface and one SHS. The reduction

in shear stress was only observed for some of the SHSs. . . . . . . .. ... ... ..... 144
Experimental and calculated C values for surfaces #1 (left) and #2 (right). The calculated

C7 includes the skin-friction expected for a hydraulically smooth flat plate as well as the total

form drag due to any asperity roughness. The experimental C' includes both asperity form

drag and the skin-friction drag on the SHS. Therefore, these surfaces may still be producing
skin-friction drag reduction locally, but the effect was mitigated by the overall increase in form

Experimental and calculated C'1 values for surfaces #3 (left) and #4 (right). The calculated
C7 includes the skin-friction expected for a hydraulically smooth flat plate as well as the total
form drag due to any asperity roughness. The experimental C'r includes both asperity form
drag and the skin-friction drag on the SHS. The local asperity roughness on these surfaces was
low enough that significant drag reduction was observed. . . . . . . . ... ... ... .. 146
Three variations of surface #2, exhibiting either significant form drag, or significant drag re-
duction. Open symbols are the calculated C values and closed symbols are the experimental
data. The baseline is for the unmodified surface #2. . . . . . . . . . . ... ... ... .. 147
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8.14 Velocity profiles measured over the baseline and the variations of SHS #2. Significant reduc-

8.15

8.16

tion in the velocity occurred in the presence of the roughness elements on the rougher surface
variations. DNS data from Kim et al. (1987)[16] is included for reference purposes. . . . . .
The drag reduction or increase (negative means drag increase) provided by all the surfaces
considered in this work, as a function of the non-dimensional roughness, k*. The drag asso-
ciated with the smooth baseplate has beenremoved. . . . . . . . . .. ... ... ... ..
New scaling laws. The drag reduction data collapsed onto a single curve when plotted ver-
sus the product of the non-dimensional roughness, k™, and the higher-pressure contact angle

hysteresis, A7 (370 Pa for a 250 nL droplet) (left) or r¢¢s (right)
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The strengths of the three relevant kinds of bonds discussed in this work[17]. . . . . . ... ..
The surface tension of the various liquids used in this work. Values are taken from [18, 19].
The various designations for liquid repellency discussed in thiswork. . . . . .. ... ... ..

A library of icephobic surfaces. The coating fabrication methodology, resulting ice adhesion
strengths, cross-link densities, and water contact angles for all the samples fabricated in this
work. SG, Sylgard; SO, silicone oil; PS, polystyrene; PIB, polyisobutylene; PFPE, perflu-
oropolyether; FPU, fluorinated polyurethane polyol; PMPS, polymethylphenyl siloxane; RT,
room temperature; NS, no slippage (no oil was added to the coating); IS, interfacial slippage
(miscible oil was added but no lubricating liquid layer formed) [confirmed by atomic force
microscopy (AFM), optical microscopy, and the shape of the force versus time curves]; L, lu-
bricated [excess oil (either intentionally or otherwise) was added to the coating, which formed
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ABSTRACT

Fouling affects a wide range of industries around the globe. The two main categories of fouling
are the unwanted adhesion of solids, and the unwanted adsorption of liquids. The purpose of this
thesis is to understand and design new mechanisms to mitigate fouling. As fouling always occurs
at the interface between a surface and the foulant, the main strategy employed in this work is the
fabrication of designer coatings that can be applied to any surface, such that the foulant is repelled.

In the first half of this dissertation I discuss new methods for reducing the adhesion of ice to sur-
faces. Ice adhesion routinely hinders many industries world-wide, and to-date there have been few
long-term strategies to mitigate ice adhesion. We first design elastomeric coatings exhibiting the
lowest ice adhesion strengths ever reported, and formulate a predictive model for the phenomenon
of interfacial slippage, such that the ice adhesion strength of any surface can be rationally designed.
We then utilize fracture mechanics to design surfaces exhibiting low interfacial toughness with ice,
such that the force to remove the accreted ice becomes independent of the iced area. These results
contradict the last 70 years of ice-adhesion analysis.

One of our new techniques for repelling ice, and solid foulants in general, is the fabrication of
liquid-like, covalently grafted monolayers. We show that surfaces treated with these monolayers
also exhibit extreme liquid repellency, including the first-ever reported fluorophobic surfaces (i.e.
surfaces that repel extremely low surface tension, fluorinated liquids). The second half of this
thesis discusses various new ways of repelling a wide variety of different fouling liquids. We
fabricate optically transparent surfaces capable of repelling a wide variety of low surface tension
liquids. We also design extremely mechanically robust superhydrophobic surfaces that can self-
heal after physical and chemical damage. Finally, we utilize some of these water-repellent systems

to effectively reduce friction drag in turbulent flow.
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CHAPTER 1

Introduction

1.1 Introductory remarks

In 2006, two primitive stone tools covered in birch-bark-tar were found in Central Italy[21]. Car-
bon dating of the site indicated that the tools were from the Middle Pleistocene, roughly 200,000
years ago. Primitive humans most likely utilized the birch-bark-tar to bind the stone implements
to a wooden shaft (i.e. a primitive axe). Understanding the adhesion between objects has been
important for the human race (and pre-human hominins) for at least two thousand millenia.

Over this vast stretch of time, humans have mastered how to adhere objects together, with ad-
hesives exhibiting a large range of adhesive strengths (ranging from temporary gums that adhere
posters to walls, to powerful epoxies that can be sanded and drilled). The purpose of this disserta-
tion, however, is to solve the opposite problem. Whereas increasing adhesion dates back hundreds
of thousands of years, reducing the adhesion between everyday objects still plagues many common
industries today. In the first half of this thesis I will discuss how the adhesion of ice to surfaces
can be reduced. We will then turn our attention to reducing liquid adhesion, with a focus on the
repulsion of liquids that spread on all natural surfaces.

Along the way, we will always try to keep durability in mind. Altering the adhesive properties
of an interface is only useful so long as the properties remain altered. Therefore, in all of the
following work, we design systems where durability is characterized by a material’s ability to
maintain its low adhesive property. This definition of durability is in stark contrast to traditional
durability characterization methods, but is necessary for next-generation designer interfaces, such

as those fabricated in this body of work.

1.2 Bonding

The fundamental study of adhesion should always begin with a discussion on bonding. Bonds

can either be chemical or physical, with the strength of hydrogen bonds lying between these two



Table 1.1: The strengths of the three relevant kinds of bonds discussed in this work[17].

Type Bond Energy (kJ/mol) Examples

Chemical 10% — 103 Urethanes, epoxides, cyanoacylates

Hydrogen 10t — 102 H0, HF, NH3, dihalides

Physical 10° — 10! noble gases, friction, cohesion of non-polar liquids

extremes[17]. Chemical bonds involve the sharing or transfer of electrons, and rupturing such
bonds requires a large amount of energy. Conversely, physical bonds mainly arise from weak
van der Waals interactions, and breaking physical bonds requires much less energy than breaking
chemical bonds. Hydrogen bonding is an extreme example of polar interactions, and the strength
of hydrogen bonds approaches the strength of weak chemical bonds[22]. Typical bond energies are
shown in Table 1.1. Interfacial engineering, at its heart, involves controlling bonds at interfaces.
For reduced adhesion, bonds should always be limited to van der Waals interactions. In contrast,
chemical bonding is the main strategy employed by permanent glues and adhesives.

In a homogeneous solid material, the bonds within the bulk are always at a lower energy state
than the bonds at the surface[23]. This discrepancy arises because the material always prefers
to be in contact with itself rather than the surrounding environment. The energy of such a free
surface is termed surface energy, sy, where SV denotes a solid-vapor interface (typically air),
and conventionally the units are given in J/m? for solids (i.e. an energy per unit area of surface).
When two solid surfaces come into contact, the overall free energy of the system can be reduced by
creating an interface. Although the interaction between the two solids may not be highly favorable,

joining eliminates an entire free surface. Initially the energy of the system is given by,
F =mA+pA=(n+7)A (1.1)

where .% is the Helmholtz free energy (at constant temperature, pressure, and number of chemical

species), and the surface energies of the two surfaces ¢ are denoted ;. When joined,
F =124 (1.2)

where 7, is the interfacial energy between the two solids. When 715 < 71 + 79, the formation of
the interface is favorable.

One may recall from an introductory physics course that static friction involves the impedance
to motion between two objects separated by an interface. The potential energy required to bring a
stationary object impeded by static friction out of rest is often orders of magnitude less than 14, i.e.
the energy to separate the interfacial area[24]. This difference arises because the surfaces are not

ideally smooth, and the heterogeneity prevents intimate contact between the two solids. However,
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when a liquid contacts a solid surface, typically all the surface area of the solid becomes wet by
the liquid, meaning perfect interfacial contact[1]. It is perhaps no surprise then, that the wettability

of interfaces plays a large role in their adhesion properties.

1.3 Fundamentals of wettability

Similar to the atoms within solid surfaces mentioned above, liquid molecules also prefer to remain
in the bulk, rather than at an interface. Although the units are the same as surface energy, the
energy of a liquid surface is typically given in N/m and is thought of as a tension, i.e. surface
tension (yry, where LV denotes liquid-vapor). The surface tension of several liquids (many used

in Chapter 5 and 6) is given in Table 1.2.

Table 1.2: The surface tension of the various liquids used in this work. Values are taken from [18, 19].

Liquid vy (mN/m)
Water 72.1
Diidomethane 67.0
Formamide 57.0
Propylene glycol 45.6
Hexadecane 27.5
Decane 23.8
Ethanol 22.1
Polydimethyl siloxane 19.9
Hexane 18.4
Krytox 100 16.0
Methoxyperfluorobutane 13.0

1.3.1 Young’s idealization

When a liquid droplet comes into contact with a rigid, solid surface, the angle the droplet adopts
at the three-phase (liquid, solid, vapor) contact line is given by a balance of surface forces acting

in the plane of the surface (Fig. 1.1). Young first formalized this relation as[25],

Ysv — YSL
YLv

costy = (1.3)
where 6y is referred to as the intrinsic contact angle that the liquid, of surface tension 7y, makes
on the solid surface, of surface energy vsy . vsy, is the solid-liquid interfacial tension. Typically the
surface tension of the liquid, and the surface energy of the solid, are known or can be measured,
whereas vg7, depends on the exact interactions between the solid and the liquid, necessitating the

measurement of 6y. Surfaces are termed hydrophilic when 6y < 90° with water, and hydrophobic
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when 6y > 90° with water. For a smooth surface, the maximum intrinsic contact angle with water
is fy ~ 120°, which occurs on a perfluorinated monolayer (ysy ~ 6 J/m?)[11]. For low-vy

liquids, there are no known materials that exhibit 6y > 90°[26].

N
Air Liquid LV

Figure 1.1: A liquid droplet sitting on a smooth, chemically homogeneous surface. The intrinsic contact
angle that is adopted, 6y, is determined by the balance of the surface forces.

1.3.2 Contact angle hysteresis

Oy is an ideal contact angle that is rarely witnessed in practice. Surface roughness, chemical
heterogeneity, interactions with the surrounding vapor, viscosity effects, and the composition of
the liquid all contribute to what is termed contact angle hysteresis[23]. Contact angle hysteresis is
defined as,

A0 = 0,40 — Oree- (1.4)

0.4 1s the maximum possible angle that the liquid adopts on the surface before it advances, i.e.
before the contact line moves and wets additional area. In contrast, 6,.. is the minimum possible
angle the droplet assumes before it recedes from the wetted solid. When a droplet is placed on a
surface, it will always assume some angle 0,... < 0, < 0,4,, where 6; is the static contact angle.
Although 6, for small droplets has been shown to approach 6,4,[27], it’s also been shown that
s depends heavily on how the droplet is deposited[28]. Moreover, by definition, #, can adopt
any value in between 0,.. and 0,4,. As Af can be quite large, proper characterization of a surface
should always include measurement of both the advancing and receding contact angles. In Chapter

5 we discuss the fabrication and various applications of smooth surfaces exhibiting Af ~ 0°.



1.3.3 Wenzel’s approximation
The effect of roughness on wettability was shown back in the early 1900s to follow what is now
referred to as the Wenzel equation[1]:

cosf* = rcosfy, (1.5)

where 6* is the apparent contact angle (the macroscopic contact angle observed), and r is the ratio
of the actual solid/liquid interfacial area to its projected area (Fig. 1.2a). The Wenzel roughness,

r, always assumes a value r > 1.0.

Wenzel Model b Cassie-Baxter Model

Figure 1.2: The two possible wetting states for a liquid droplet in contact with a solid surface. a, the Wenzel
model[ 1], where the Wenzel roughness, r, is highlighted. b, the composite interface, or the Cassie-Baxter
model[2]. Both the fraction of vapor, (1 — ¢), and the roughness of the wetted solid, 74, are highlighted.

Because r is always greater than unity, roughness has the unique property of always enhancing
the intrinsic wettability of a given surface. Hydrophilic surfaces become more wettable (6* < 6y),
and hydrophobic surfaces become more hydrophobic (6* > 6y). However, it should be noted
that roughness only alters 6* by increasing Af, which may not always be favorable. For example,
roughening a hydrophobic surface will increase #* by increasing 6,4, but the additional roughness
may decrease 0,.... Static droplets may show higher contact angles, but removing those droplets
will be more difficult[29]. Moreover, the Wenzel equation is somewhat limited. For hydrophilic
surfaces, combinations of rcosfly > 1.0 yield imaginary contact angles, which are not measurable
using the traditional sessile drop method (although other techniques have shown promise[30]). For

hydrophobic surfaces exhibiting rcosfy < —1.0, the Wenzel equation always predicts §* = 180°.

5



For such surfaces, though, a different wetting state may be more energetically favorable.

1.3.4 Composite interfaces

Wenzel assumed perfect contact between the liquid droplet and all the surface area of the solid[1].
However, another possible configuration is that pockets of vapor are trapped in between the droplet
and the solid surface. Cassie and Baxter were the first to study how such a composite interface

affects the apparent contact angle[2]. They proposed,
cosf” = rypscosby + (1 — ¢5)cos180° (1.6)

where r, is now strictly the Wenzel roughness of only the fraction of solid in contact with the liquid,
¢ (Fig. 1.2b). Liquid droplets assume perfect spheres when free falling (ignoring gravitational
effects), and thus the contact angle of air is 180°. Thus, this situation is a special case of the generic
formulation for the contact angle of a heterogeneous surface comprised of ¢ distinct patches, with

intrinsic contact angles 6;, Wenzel roughness r;, and surface fraction ¢;[31],

cosf* = Z r;;c080;. (1.7)

Eq. 1.6 1is called the Cassie-Baxter equation and droplets exhibiting such a composite interface
are said to be in the Cassie-Baxter state[2]. Dissimilar to the Wenzel state, the Cassie-Baxter
state always increases 6* because it essentially averages an apparent contact angle with the contact
angle of air, 180°. However, the pockets of air may be displaced due to pressure[32], and often the
Wenzel state is the energetically favorable configuration[33]. Further, even if the Cassie-Baxter
state is the global energy minimum, typically some form of energy input is needed to transition the
surface from the wetted state to the non-wetted state[34]. But for many applications, high values
of 0*, or pockets of entrapped air, are favorable. As such, maintaining the Cassie-Baxter state over
the Wenzel state remains an active area of research.

Contact angle hysteresis for droplets in the Cassie-Baxter state is somewhat different than on
fully wetted surfaces. Because pockets of air separate the texture elements of the surface, the
liquid advances over the air pockets at %, = 180°[35], although current goniometric methods

adv

make measuring 6%, > 170° difficult[36]. Here I denote the apparent advancing angle of the

adv

*

" ) On an individual texture element

surface in the non-wetted state with a superscript asterisk (6
that is fully wetted, the liquid still advances at 6,4, and locally tries to adopt fy to satisfy Young’s
relation (Eq. 1.3). Similarly, although locally the liquid dewets from the texture elements at 6,....,
macroscopically the angle 07, is observed[27].

The apparent contact angle hysteresis, Af*, can be as high as 180° for surfaces in the Cassie-



Baxter state. However, ultra-low values of 07,

Cassie-Baxter to the Wenzel state locally), and often some areas will become wetted while others

typically indicate wetting (a transition from the

remain non-wetted. Researchers have termed this configuration the partially wetted, or impaled
state[37]. 0

rec

can also adopt very high values, especially if ¢, is low (the droplet mostly contacts

*
rec

*
adv

air). Increasing 6%, . while assuming 6%, ~ 180° has the benefit of significantly lowering Af*.

Many researchers have fabricated surfaces displaying both 6%, and 6., > 150°, and Af* ~ 0°,

with water. Such surfaces are termed superhydrophobic, and exhibit many exciting properties that

will be discussed in detail in Chapters 6-8.

1.3.5 Low surface tension liquids

Low-~.y liquids notoriously spread on all natural surfaces, and are therefore a major source of
fouling[26]. Surfaces that can repel such liquids have proven challenging to develop[38]. For
smooth surfaces, a liquid will not dewet the surface if 6,... = 0°, which is the case for most
solid/low-v,y liquid combinations. In Chapter 5 we develop omniphobic surfaces, i.e. material
systems that display non-zero 6,.. values and Af =~ 0°, even for low-7yy liquids. Note that, be-
cause smooth surfaces never exhibit 6y > 90° with low-v,, liquids, the interfacial science commu-
nity has labeled surfaces with that minimize A#, rather than maximize 6*, as omniphobic[19, 39].

Above we stated that a liquid will try to locally maintain #y- along the contact line, even if on
the macroscale, 0 is observed. For low-vy.y liquids, however, 6y < 90° always. This means that
the liquid will continue to spread on a texture element until 8y is achieved along the three-phase
contact line (or, at best, until the local contact angle is less than 6,4,). If we let ¢ be the angle
of a texture element, the liquid will always wet the texture if ¢ > 6y[26]. Surfaces exhibiting
1 < 90° are termed re-entrant, and have the unique ability of being able to support the Cassie-
Baxter state even for low-v7y liquids. Although a standard value have not been set in the literature,
such surfaces are called superoleophobic if they exhibit roughly 8* > 150° with oils (typically
hexadecane), and moderately low Af*. Similarly, surfaces are termed superomniphobic if they
exhibit 6* > 150° and low A#* with essentially all known liquids. The various terminologies for
wettability are summarized in Table 1.3.

We end this section on wettability by noting that, because the surface tension of water (72.1
mN/m) is much greater than low-v.y liquids (typically 15 - 30 mN/m, Table 1.2), omniphobic
and superomniphobic surfaces are typically also hydrophobic and superhydrophobic, respectively.
However, many interesting properties have been achieved by counter intuitive surfaces where this
is not the case[43, 44].



Table 1.3: The various designations for liquid repellency discussed in this work.

Designation Repels 6 (°) A6 (°) Examples

Hydrophobic Water 6y > 90° - Polyethylene, Teflon, silicones[23]

Superhydrophobic ~ Water  6* > 150° A#* =~ 0° Lotus, lucinato kale, and savoy cabbage
leaves[40]

Oleophobic Oils 6*>90° - Roughened teflon, perfluorinated

lubricant-infused systems[32]
Superoleophobic Oils  #* >150° Af* < 10°T  Micro-hoodoos, electrospun systems[41]
Omniphobic All - AO* =~ 0° Liquid-like monolayers, smooth, perfluori-

nated films[39]
Superomniphobic All 0" >150° A#* < 10°T Hierarchcial perfluorinated

re-entrant texture[42]

TA placeholder as no standard value has been formalized by the interfacial science community.

1.3.6 Interfacial slippage

At the solid/liquid interface, the usual boundary condition assumed is that the velocity of the solid
matches the velocity of the liquid during flow[45]. As the solid is stationary relative to the flow,
this dictates that the fluid is at rest at the solid/liquid interface. This assumption is referred to as
the no-slip boundary condition, and is found everywhere from polymer melts[46, 47], to chemical
plant design[48], to flows over naval vessels[49]. However, this is not the only possible bound-
ary condition. A non-zero velocity can arise in certain solids, especially those with liquid-like
properties[50]. In this work we refer to such a phenomenon as interfacial slippage, and we in-
vestigate its usage in a wide range of engineering applications. In Chapters 2 and 3 we discuss
how interfacial slippage can be used to reduce ice adhesion. In Chapter 5 we utilize it to fabri-
cate omniphobic surfaces exhibiting extremely low Af. And we reduce drag in turbulent flow by

engendering interfacial slippage in Chapter 8 using superhydrophobic surfaces.

1.4 Adhesion mechanics

In the previous section we discussed the adhesion of liquids to solids. We now move the discussion
to solid/solid adhesion, remembering that intimate interfacial contact is typically only achieved
using liquids in some way: soldering[51], glue[52], bio-fouling attachment[53], water freezing
on a car windshield[54], licking shut an envelope[55], etc. The interfacial adhesion between two
solids may be characterized by the shear force, F', that it takes to break the bond of interfacial area
(Iength by width) L x w (Fig. 1.3),

T = F/(Lw). (1.8)

Here we have characterized the strength of the interface as 7, a shear stress, but the fracture of
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Figure 1.3: A schematic of the various geometric lengths relevant to our discussion on solid/solid adhesion.
A force F' impacts a solid adhered to a surface of thickness ¢ a height ¢ above the interfacial plane. The solid
measures (L X w X h) length by width by height.

interfaces is typically a mixed mode problem (normal and shear contributions)[10]. For the pur-
poses of the work described herein, we will first only consider the shear strength of interfaces, and
note that the one of the main problems we address in Chapters 2-4, the fracture of adhered ice, is
a process dominated by shear. Also note that the above case assumes any initial de-bond of the
interface, a, is such that a < L. It is recognized that interfaces may also be characterized by their
toughness, I', but we save this discussion for Chapter 4, where we explore the interfacial toughness

between ice and a host of different surfaces in more detail.

1.4.1 The work of adhesion

The work of adhesion, W, required to dewet a liquid from a solid surface is found by integrating

over all receding events occurring at the contact line[23]. It is given by,
Wo = vy (1 + cosbee). (1.9)

For many solid/solid interfaces, such as those formed by capillary bridges, the work of adhesion is
proportional to the adhesion strength, i.e. 7 oc W,[56]. The main example we will address in Chap-
ters 2-4 is ice adhesion, but many other examples exist, including clathrate hydrate formation[57],
pressure sensitive adhesives[55], solder strength[51], barnacle attachment[58], fiber pull-out in
fiber-reinforced composites[59], and the drying of paints[60]. Perhaps ironically, much of this
work was first formulated to understand why adhesion failed, and how to increase the adhesion
strength. In contrast, much of this current work utilizes the same fundamentals, but to reduce

unwanted adhesion.



1.4.2 Interfacial cavitation

Interfaces need not fail solely by adhesive strength. Often buckling of the interface can occur from
a modulus mismatch between the two surfaces[61]. Consider a rigid block adhered to a soft film.

A buckling instability causes the interface to cavitate at a shear stress that goes as[62],

T = B(W,G/t)"/?, (1.10)

where G is the shear modulus of the film of thickness ¢, and B = 1.3(L/{), where L and ¢ are
defined in Fig. 1.3. When the force, F', contacts the rigid block at a plane ¢ above the interfacial
plane, a torque is generated that causes hydrostatic tension at the edge of contact, and hydrostatic
compression at the opposite end. Whereas the interface could fail by pure shear (Mode-II), the
tension generated makes the problem mixed-mode, and now the interface can fail due to normal
forces (Mode-I) as well. If an elastic instability develops from the Mode-I component, the interface
may cavitate, and the rigid block may be detached at a shear stress much lower than the work of
adhesion[62].

1.5 Outline of this thesis

In the following chapter we examine the above scenario, where soft surfaces cavitate, for the
case of ice adhesion. We discuss how durable, low ice adhesion materials may be systematically
fabricated. We also explore modifying the ice/solid interface through the addition of mobile chains,
either covalently attached or un-bonded, to enable interfacial slippage. In Chapter 3 we build
a model for interfacial slippage in order to predict and design the ice adhesion strength of any
polymeric surface. Chapter 4 explores how interfacial toughness plays a role in controlling ice
adhesion. There we show how common materials like engineering plastics can display any possible
ice adhesion strength. In Chapter 5 we utilize surfaces exhibiting interfacial slippage to reduce the
adhesion of solids other than ice. We also show that these surfaces can display omniphobicity, and
we begin our discussion of liquid-repellent surfaces there.

Chapter 6 investigates fabricating some of the first superomniphobic surfaces that are also op-
tically transparent. We then tackle the issue of the mechanical durability of superhydrophobic
surfaces in Chapter 7. We present new design parameters that will allow researchers to fabricate
extremely mechanically robust superhydrophobic surfaces from a wide range of starting compo-
nents. Finally, we utilize some of these mechanically superior superhydrophobic surfaces to reduce
the friction drag experienced during turbulent flow. The discussion comes full circle, as the under-
lying mechanism allowing for the drag reduction turns out to be interfacial slippage, the very same

slippage causing the low ice adhesion observed in Chapter 2.
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CHAPTER 2

Designing Durable Icephobic Surfaces

2.1 Introduction

Ice accretion and its subsequent removal is a safety hazard for aircraft, power lines, motor vehicles,
marine structures, communication towers, and wind turbines[8]. The most common methods for
ice removal are extremely energy intensive[56], and there exists a strong need to develop methods
where ice is passively removed from a surface (i.e. no external energy input)[63].

Previously, there have been numerous publications related to developing icephobic’ surfaces[56,
63, 64, 65, 66, 67, 3, 68, 69, 70, 71, 72]. Such surfaces utilize different approaches including, de-
laying droplet freezing time[65, 72, 73, 74], preventing frost formation[66, 3, 71] and lowering the
ice adhesion strength, 7;..[56, 64, 66, 67, 3, 68, 69, 70, 72, 75]. Icephobic surfaces can be defined
by an ice adhesion strength 7;.. < 100 kPa[72]. In comparison, structural materials like aluminum
or steel have extremely high 7;.., around 1600 and 1400 kPa, respectively[63]. However, to pas-
sively remove ice with no external energy input, such as on airplane wings, power lines, or boat
hulls, extremely low values of 7;.. are required. For example, Dou et al. found that a strong breeze
detached ice when 7;., < 27 + 6 kPa[75].

Previous work has shown that on many different high modulus solids,
Tice = Bypv (1 4 c08b,ec), (2.1)

where B is an experimental constant, vy is the surface tension of water and 6,... is the receding
water contact angle[56]. Effectively, 7,.. o< W, (Eq. 1.9), and B accounts for the geometry of

the setup. For non-textured surfaces, this provides a theoretical lower limit of 7;.. ~ 150 kPa (as

*
rec

the maximum 67°%* ~ 120°)[11]. Superhydrophobic surfaces display an ultra-high .. through

rec
the incorporation of texture, and have been shown to possess 7;.. as low as 50 kPa. However, an
increasing body of work suggests that even these moderately low ice adhesion values cannot be
maintained due to condensation and frost formation[65, 66, 72, 74, 73, 76]. To date, the lowest

ice adhesion values have only been reported using lubricants (7;.. = 16 kPa) or gels (7. =
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Figure 2.1:  Variation of 7;.. with the number of icing / deicing cycles for SLIPS-based[3] icephobic
surfaces. The dotted line represents 7;.e for the surface without oil.

0.4 kPa) [3, 19, 77, 78]. Lubricated surfaces purportedly achieve low ice adhesion by minimizing
Af through the formation of a low surface energy (typically highly fluorinated) lubricating free-
oil layer. But again, the icephobicity for such surfaces can be short-lived, once the oil has been
displaced and removed by water droplets[67], frost[71] or during accreted ice removal (Fig. 2.1).
Overall, there are no reports of durable icephobic surfaces that maintain or even exhibit 7;., <
15 kPa.

In this work we study the ice adhesion of elastomers. Elastomers are viscoelastic, i.e. they
can demonstrate both solid-like and liquid-like properties. We control the viscoelastic nature of
our elastomers in two ways. First, we modify the crosslink density, pCL, of our elastomers to
alter their physical stiffness (G = RTp“" assuming isotropy, where G is the shear modulus, T
is the temperature, and R is the universal gas constant). Recall Eq. 1.10 from Sec. 1.4.2, where
7 oc G'/2. This is a macroscopic relationship that predicts the shear stress required to cleave two
surfaces apart, a process that occurs through interfacial cavitation[62, 79].

Second, we alter the no-slip boundary condition[52] at the ice-elastomer interface through the
addition of uncrosslinked, polymeric chains. In solid-solid contact, conservation of momentum
usually dictates that the velocity at the interface is zero, or equivalently that there is no slip. How-
ever, if the polymeric chains within the elastomer are sufficiently mobile, slippage (i.e. a non-zero
slip velocity) can occur at the solid-solid interface, as has been observed previously for polymer

melts[79, 46], adhesives[52] and rubbers[79]. When a hard surface slides over a soft elastomer,
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Figure 2.2: Surface chemistry independence. a, The various icephobic surfaces fabricated in this work.
It is clear that most of the fabricated surfaces do not follow the theoretical 7;ce < 1 + cosf,. trend. For
example, for coating AY (Table 2.1), 7;.c = 27 £ 10 kPa, although 6,... = 12°. b, When recolored using
the developed I* parameter (with a cutoff of I* = 1.05, discussed later), it is apparent that the linear trend
between ice adhesion and surface energy only applies for high modulus (/* < 1.05) elastomers without
interfacial slippage.

such as during interfacial slippage, the shear stress to slip at the interface is given by,
7=Gfa/kT or TG (2.2)

Here f is the force required to detach a single chain of segmental length a, and k is Boltzmann’s
constant[6, 50]. By tailoring p“* for different elastomeric coatings, and by additionally embedding
miscible, polymeric chains to enable interfacial slippage, here we show that it is possible to sys-
tematically design icephobic coatings with extremely low ice adhesion (7;.. < 0.2 kPa). Overall,
we’ve designed a comprehensive library of over 100 icephobic surfaces that can be rough, smooth,
hydrophobic, or hydrophilic, as shown in Fig. 2.2 (also see Table 2.1). It is clear from Fig. 2.2
that the variations in 7, for the different icephobic coatings developed in this work cannot be ex-
plained by variations in the parameter (1 + cosf,...). For soft surfaces, this is because the interface

either cavitates or slips at a force lower than that required by the work of adhesion[62].
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Table 2.1: A library of icephobic surfaces. The coating fabrication methodology, resulting ice adhesion strengths, cross-
link densities, and water contact angles for all the samples fabricated in this work. SG, Sylgard; SO, silicone oil;
PS, polystyrene; PIB, polyisobutylene; PFPE, perfluoropolyether; FPU, fluorinated polyurethane polyol; PMPS, poly-
methylphenyl siloxane; RT, room temperature; NS, no slippage (no oil was added to the coating); IS, interfacial slippage
(miscible oil was added but no lubricating liquid layer formed) [confirmed by atomic force microscopy (AFM), optical
microscopy, and the shape of the force versus time curves]; L, lubricated [excess oil (either intentionally or otherwise)
was added to the coating, which formed a thick lubricating layer] (confirmed using the same methods as for interfacial
slippage).

Polymer Nonreactive wt % Reactive wt%  Cure pCL Tice aV. Tice MIN. Tice Max. Type Oy4y /Orec
base oil oil (°C/hour) (mol/m3) (kPa)  (kPa) (kPa) ©)
A SG 184 10:1 - - - - 150/24 30748 264 245 340 NS 120/94
B SG 184 10:1 - - - - 80/2 333+45 47 36 57 IS 131726
C SG18420:1 - - - - 8072 112+1 178 147 251 NS  129/45
D SG 184 4:1 - - - - 80/2 33 +45 89 42 165 IS 127/36
E SG1843:1 - - - - 80/2 268 + 2 15 6 29 L 122/76
F SG1842:1 - - - - 80/2 22249 14 6 23 L 118/77
G SG1845:2 - - - - 80/2 267 + 21 16 8 26 L 112/100
H SG1841:1 - - - - 80/2 162+ 5 14 6 29 L 112/89
I SG18410:1 100cPSO 25 - - 80/2 219 + 13 35 26 56 IS 123/89
J  SG18410:1 100cP SO 50 - - 80/2 72411 87 40 120 IS  114/94
K SG18410:1 100cPSO 75 - - 80/2 - 55 30 71 IS  114/94
L SG18410:1 - - PMHS 25 80/2 215+ 10 10 1 31 L 105/103
M SG 184 10:1 - - PMHS 50 80/2 75+ 13 67 31 121 IS 118/101
N SG18410:1 - - PMHS 75 80/2 - 17 5 39 L 121/102
O SG1841:1 100cP SO 25 - - 80/2 3242 173 58 237 IS 124/86
P SG1841:1 100cP SO 50 - - 80/2 13+2 46 17 74 IS 124/8S
Q SG1841:1 100cP SO 75 - - 80/2 - 18 0.15 47 IS 104/103
R SG 184 1:1 - - PMHS 25 8072 102+5 17 1 40 L 125/104
S SG1841:1 - - PMHS 50 80/2 14+4 6 1 30 L  106/105
T SG 184 1:1 - - PMHS 75 8072 - 9 0.4 31 L 105/103
U SG18410:1 100cPSO 25 PMHS 25 15024 536 £97 64 50 78 IS 119/95
VvV  SG18410:1 100cPSO 15 PMHS 15 8072 - 31 1 137 L 108/104
W SG18410:1 100cP SO 10 PMHS 10 150/24 45949 74 40 116 IS 123/90
X SG18410:1 - - PMHS 10 80/2 283+9 37 4 71 IS 114/100
Y SG18410:1 - - PMHS 10 150124 284441 173 122 234 NS 121/78
Z SG18410:1 - - PMHS 20 80/2 197+ 4 45 19 82 IS 109/105
AA SG 184 10:1 - - PMHS 20 15024 348 +£28 64 34 92 IS 11893
BB SG 184 10:1 - - PMHS 25 15024  452+9 302 275 346 NS 103/84
CC SG18410:1 100cPSO 25 PMHS 15 15024 405427 58 41 73 IS  112/104
DD SG18410:1 100cPSO 20 PMHS 20 80/2 107 £ 2 37 9 67 IS 109/100
EE SG18410:1 100cP SO 25 PMHS 25 80/2 150 £ 8 35 5 77 IS 116/99
FF SG18410:1 100cPSO 25 PMHS 10 15024 290425 41 24 55 IS 121/90
GG SG 184 10:1 5cPSO 25 - - 80/2 181+5 145 109 178 IS 121/90
HH SG 184 10:1 1000cP SO 25 - - 80/2 153+ 7 45 33 53 IS 100/85
I  SG18410:1 10000cP SO 25 - - 80/2 67 +2 81 13 226 L 120/104
JJ. SG 184 10:1 SO AP 1000 25 - - 80/2 216 +3 66 12 171 L 113/78
KK SG 527 - - - - 15024 0.68 14 8 25 NS  130/89
LL 1:9 SG 527:184 100cP SO 25 - - 150/24 182+ 11 14 7 18 IS 112/103
MM 1:3 SG 527:184 100cP SO 25 - - 15024 123+ 2 10 6 17 IS  111/104
NN 1:1 SG 527:184 100cP SO 25 - - 150/24 76+ 1 9 6 12 IS 112/102
00 3:1 SG 527:184 100cP SO 25 - - 15024 46 £ 2 6 4 8 IS 114/101
PP 3:1 SG 527:184 - - - - 15024 50 + 2 10 4 49 IS 123/100
QQ 1:3SG 527:184 - - - - 15024 104 +4 141 130 154 NS 122/95
RR 1:1 SG 527:184 - - - - 150/24 110+5 19 7 37 IS 117/88
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Polymer Nonreactive wt % Reactive wt %  Cure pCL Tice V. Tice MiN. Tice max. Type Oqqy /Orec
base oil oil (°C/hour) (mol/m3)  (kPa)  (kPa) (kPa) ()
SS 9:1 SG 527:184 100cP SO 25 - - 15024 8.04+0.8 6 4 7 IS  121/98
TT 9:1 SG 527:184 - - - - 15024 9.14+0.9 134 132 139 NS 121/96
8]8) PFPE - - - - 0.1 160+ 35 238 200 281 NS 115/93
\A% PFPE Krytox 100 25 - - 0.1 96 + 24 31 17 53 IS 115/95
WwW PFPE Krytox 105 25 - - 0.1 124 + 33 31 16 55 IS 104/98
XX PFPE Krytox 103 25 - - 0.1 - 12 10 13 IS 114/91
YY PFPE - - CN4002 10 0.1 - 45 33 51 L 117/91
77 FPU - - - - 80/72 1098 £98 538 257 627 NS 103/72
AB FPU - - - - 80/72 475+14 394 334 479 NS  105/73
AC FPU - - - - 80/72 31617 284 204 399 NS 101/73
AD FPU Krytox 100 25 - - 80/72 1142 4+ 158 595 538 713 IS 101/72
AE FPU Krytox 105 25 - - 80/72 1112+ 77 392 283 520 IS 105/72
AF FPU - - NCOCs50 75 150124 1332£48 246 194 320 IS 108/84
AG FPU 100cPSO 5 NCOCs50 75 80/72 - 82 61 100 IS 109/82
AH FPU 100cPSO 10 NCOC50 75  80/72 - 49 22 66 IS 106/96
Al PS - - - - RT/24 447,000 336 189 370 NS  97/86
Al PS 200 My, PS 25 - - RT/24 - 424 271 569 IS 103/74
AK PS 200 My, PS50 - - RT/24 - 570 378 642 IS 109/58
AL PS 540 M, PS 25 - - RT/24 - 477 454 510 IS 100/79
AM PS SO AP 1000 25 - - RT/24 - 92 59 112 L 103/97
AN PS PMPS 10 - - RT/24 - 354 218 491 IS 98/84
AO PS PMPS 5 - - RT/24 - 333 217 498 IS 99/84
AP PIB - - - - RT/24 8,000 395 335 453 NS 125/56
AQ PIB Polybutene 25 - - RT/24 - 288 220 419 IS 128/56
AR PIB Polybutene 50 - - RT/24 - 459 341 620 IS 130/71
AS PIB Polybutene 75 - - RT/24 - 268 176 442 IS 128/72
AT  Vytaflex 10 - - - - RT/24 26+ 7 144 84 254 NS  52/12
AU  Vytaflex 40 - - - - RT/24 95+ 14 151 118 192 NS  80/26
AV Vytaflex 60 - - - - RT/24 290+ 17 261 157 360 NS 82723
AW  Vytaflex 40  Vegetable 20 - - RT/24 53 +4 11 5 22 L 68/21
AX Vytaflex40  Cod liver 15 - - RT/24 29+ 2 27 9 51 IS 75/12
AY Vytaflex40  100cP SO 10 - - RT/24 - 41 18 83 L 82/45
AZ Vytaflex 40 - - NCODi-50 1 RT/24 47+£3 109 51 179 IS 96/49
BA  Vytaflex 40 - - NCODi-50 5 RT/24 52+ 2 101 42 232 IS  110/56
BB Vytaflex 40 - - NCODi-50 10 RT/24 34+7 139 49 243 IS 113/60
BC Vytaflex40  100cP SO 10 NCO Di-100 50 RT/24 21+1 11 6 15 IS 97/89
BD Vytaflex 40 - - NCODi-50 50 RT/24 42404 44 25 55 IS  106/81
BE Vytaflex40 100cPSO 5 NCODi-50 50 RT/24 - 36 18 57 IS 100/85
BF Vytaflex40  100cP SO 10 NCODi-50 50 RT/24 - 11 6 17 IS 95/86
BG Vytaflex 40 - - NCODi-50 75 RT/24 171+ 4 49 38 65 IS 102/85
GH Vytaflex40  100cP SO 10 NCODi-50 75 RT/24 - 9 3 12 IS 91/82
BI  Vytaflex40 1000cP SO 10 NCODi-50 75 RT/24 - 10 5 14 IS 99/90
BJ  Vytaflex 40 5cP SO 10 NCODi-50 75 RT/24 - 18 12 24 IS 102/83
BK Vytaflex 40 10000cP SO 10 NCODi-50 75 RT/24 - 19 14 31 IS 102/92
BL Vytaflex40  100cPSO 5 - - RT/24 - 77 70 90 L 70/42
BM Vytaflex40  100cP SO 10 - - RT/24 - 80 58 91 L 68/42
BN Vytaflex40  100cP SO 15 - - RT/24 - 98 68 128 L 65/41
BO Vytaflex40  100cP SO 20 - - RT/24 - 93 76 107 L 67/42
BP Vytaflex40  Vegetable 5 - - RT/24 62+ 2 128 71 200 IS 79/23
BQ Vytaflex40  Vegetable 10 - - RT/24 62+ 4 238 233 247 IS 89/48
BR Vytaflex 40  Vegetable 15 - - RT/24 49+2 121 91 151 IS 32/20
BS Vytaflex 40  Vegetable 20 - - RT/24 53+ 4 173 141 227 IS 43/34
BT Vytaflex40  Codliver 5 - - RT/24 - 129 107 166 IS 67/29
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Polymer Nonreactive wt % Reactive wt %  Cure pCL Tice V. Tice MiN. Tice max. Type Oqqy /Orec
base oil oil (°C/hour) (mol/m3)  (kPa)  (kPa) (kPa) ()
BU Vytaflex40  Codliver 10 - - RT/24 - 70 56 85 IN 59/34
BV Vytaflex40  Cod liver 15 - - RT/24 - 110 100 120 IS 46/34
BW Vytaflex40  Cod liver 15 - - RT/24 29+ 2 4 2 9 IS 43/25
BX Vytaflex40  Cod liver 20 - - RT/24 52+ 1 11 3 15 IS 88/44
BY Vytaflex40  Safflower 2.5 - - RT/24 63 +0.5 30 20 43 IS 100/32
BZ Vytaflex40  Safflower 5 - - RT/24 504+ 0.5 11 9 16 IS 82/28
CA Vytaflex40  Safflower 10 - - RT/24 45+ 5 6 4 12 IS 72124
CB Vytaflex 40  Safflower 15 - - RT/24 33+1 4 1 7 IS 67/29
CC Vytaflex40  Safflower 20 - - RT/24 32+£04 6 3 11 L 56/44
CD Vytaflex 40  Safflower 25 - - RT/24 45+£2 4 2 6 L 52/43
CE Vytaflex40  Codliver 20 - - RT/24 - 97 76 114 L 34/21

Coatings AB - AH, AX - AZ, BD - BJ, and BW - CD were dropcast (500 mg/mL). All others are spin-cast at 1500 rpm for 60 s
(200 mg/mL). The p©L of coatings AI and AP were approximated from the elastic modulus. Coatings UU - YY are UV cured.

2.2 Materials and methods

2.2.1 Experimental design

The objective of this study was to understand the ice adhesion of elastomers, both with and with-
out interfacial slippage. The materials were chosen to span a wide range of chemistries and me-
chanical properties. The evaluation of these materials involved characterizing their ice adhesion
strengths, their mechanical properties, and their resultant durability. The ice adhesion measure-
ments were designed such that an increase in ice adhesion due to repeated icing/de-icing cycles
could be observed. The durability characterizations were designed such as to provide a wide range
of potentially damaging exposures. By evaluating durability always with respect to ice adhesion,

the potential for misrepresenting icephobic durability was avoided.

2.2.2 Synthesis

Polydimethyl siloxane (Sylgard 184 or Sylgard 527, Dow Corning), silicone oil (5 cP - 10,000 cP,
Sigma Aldrich) and polymethylhydrosiloxane (PMHS, Sigma Aldrich) were used as received. Syl-
gard 184 is crosslinked in a 10:1 base:crosslinker ratio, and Sylgard 527 in a 1:1 ratio, per supplier
instructions. The crosslinker for both of these products contains a copolymer of PDMS and PMHS,
effectively controlling the crosslink density, p“~. Previous work has shown how mixing these two
formulations can alter o~ without deviating from stoichiometry[80]. To increase p“*, PMHS can
be added along with a high temperature (150 °C) cure. Curing at 80 °C results in PMHS not effec-
tively crosslinking within the PDMS elastomer, acting as a lubricant. To differentiate this effect,
samples were either cured at 80°C for a minimum of 2h, or 150 °C for 24h. To create PDMS filled
with 25 wt% silicone oil while maintaining the same modulus as Sylgard 184, 10 wt% PMHS was

required. To create a low p®Z PDMS with every chain chemically crosslinked, we used solvent
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extraction with toluene over a two week period in order to fully remove any uncrosslinked chains.
Excess toluene was changed out daily. Without such an arduous step, PDMS contains ~4% un-
crosslinked chains which act as lubricants[81] (Fig. 2.1). To spin-coat these surfaces, solutions at
a polymer concentration of 200 mg/mL were formed in hexane. Silicon wafers were rinsed with
acetone and were then spincast with the different solutions at 1500 rpm for 60 s, followed by cur-
ing. For the dip-coated meshes, the substrates were submerged in the same 200 mg/mL solutions
for 45 min and blown dry to avoid pore clogging, followed by the same curing recipe as above.

Perfluoropolyether (PFPE, Sartomer 4002) was crosslinked using 354 nm ultraviolet light un-
der nitrogen with 1% 2-hydroxy-2-methyl propiophenone (Sigma Aldrich) as the photoinitiator.
SLIPS surfaces were recreated using published methods[3]. Fluorinated polyurethane (FPU, Flu-
onova) was crosslinked using 8 wt% 1,6-hexamethylene diisocyanate per manufacturer instruc-
tions. Krytox 100, 103, and 105 were purchased from Dupont and up to 25 wt% was added to
the different polymers. The FPU was also crosslinked using an isocyanate functionalized PDMS
(Silmer NCO Di-100, Siltech) at a crosslinker ratio of 75/25 wt%. To this was added 100 cP sil-
icone oil. Solutions were mixed in Vertel-XF or chloroform at a concentration of 200 mg/mL.
Vertrel XF is a non-ozone depleting fluoro-solvent that has replaced Asahiklin 225. Si wafers were
rinsed with acetone and the solutions were spincast at 1500 rpm for 60 s, followed by curing at
80 °C overnight.

The polyurethane rubber samples with known modulus (Smooth-On Inc.) were mixed at a
1:1 base:crosslinker ratio per instructions. For lubricated samples, the oil (vegetable oil-Kroger,
cod liver oil-Fisher, 100 cP silicone oil-Sigma Aldrich, safflower oil-Jewards International, or
isocyanate-functionalized silicone oil-Silmer NCO Di-50) was added at levels of 1, 5, 10, 15, or
20 wt%. The rubber was cured at room temperature overnight. This rubber was altered using a
50/50 wt% ratio of the rubber crosslinker and an isocyanate functionalized PDMS (Silmer NCO Di-
100, Siltech) in order to improve silicone oil miscibility. The p* of the urethanes was altered by
varying either the type of isocyanate crosslinker, the urethane index and/or through the addition of
oil. Films were produced by either spin coating or dip coating glass slides in chloroform solutions
at a solute concentration of 200 mg/mL, or spray-coating (500 mg/mL) or drop-casting without
dilution.

Polystyrene (PS, M,, = 190, 000, Scientific Polymer) was dissolved in toluene at a concentra-
tion of 200 mg/mL and to it was added silicone oil (AP 1000, Sigma Aldrich), polymethylphenyl
siloxane (PMPS, Sigma Aldrich), or low molecular weight PS (M,, = 200 or 540 g/mol, Scientific
Polymer). Polyisobutylene (PIB, M,, = 400, 000 g/mol, Scientific Polymer) was dissolved in hep-
tane at a concentration of 200 mg/mL and to it was added polybutene (M,, ~ 920 g/mol, Sigma
Aldrich). Both PIB and PS samples were spin-cast using the same recipe as above, and then cured

at room temperature for 24 h. See Table 2.1 for a complete list of fabrication recipes and resulting
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Figure 2.3: Comparison between interfacial slippage and lubrication. a, Variation of 7;.. with the number
of icing/deicing cycles. The values of 7;.. for both the lubricant and the lubricated systems increase with an
increasing number of icing/deicing cycles. In comparison, there is no change in 7;.. values for the surfaces
with interfacial slippage over multiple icing/deicing cycles. b, Variation in 7;.. with oil viscosity. Values of
Tice for lubricated surfaces strongly depend on the oil viscosity and follow a typical Stribeck relationship[4].
In comparison, the values of 7;.. for surfaces with interfacial slippage are markedly independent of viscosity
(coatings BH, BI, BJ, and BK in Table 2.1).

surface properties.

To fabricate the surfaces for determining /*, elastomers were made with and without oil, mod-
ifying one of the two surface such that the crosslink densities matched to within 5% error. For
example, the FPU with oil displayed a lower p“* than the FPU without oil. As such, we varied
the ratio of different hexamethylene diisocyanate crosslinking agents until the desired crosslink
density was achieved. Similar methods were used for PDMS (explained above) and PU samples.

For Fig. 2.3a, the lubricant surface is fabricated by spin-casting PMHS onto a Si wafer at
1500 rpm from a 200 mg/mL solution in toluene. The lubricated surface is PDMS with a free layer
of silicone oil (50 wt%, 100 cP) on the surface. The oil is added post-cure to ensure a thick, liquid
layer remains present on the surface. For Fig. 2.3b this same methodology is used with oils of
varying viscosity, 5 cP - 10,000 cP for silicone oils in PDMS, and 7 cP - 550 cP Krytox oils in
PFPE.

To fabricate a hard, hydrophobic layer, the FPU was spincast with 20 wt% fluorodecyl-POSS,
creating a smooth, low surface energy film. Whereas pure, spincast fluorodecyl-POSS results in
a relatively rough surface (due to crystallization), a 20 wt% film within the FPU is smooth and
exhibits a surface energy of 11 mN/m, close to the surface energy of pure fluorodecyl-POSS[26].
The model superhydrophobic surface was the commercial product NeverWet (Rustoleum Inc.)

and was sprayed on glass slides per instructions. The 2-part commercial icephobic coating R-2180
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(Nusil Inc.) was dipped out of a hexane solution (1:1 ratio) at a concentration of 1000 mg/mL.
The two silanized surfaces were Si wafers treated with either 1H,1H,2H,2H heptadecafluorodecyl-
trichlorosilane (Gelest Inc.) or K13, a chlorine-terminated PDMS (M, = 2,000 — 4, 000, Gelest

Inc.).

2.2.3 Photolithography

A 3 pm thick layer of photoresist (SPR 220-3.0, Shipley) was spin-coated on a silicon wafer
and baked for 90 s at 115 °C. The lateral layouts of the micropattern were defined by 365 nm
UV exposure (Karl Suss MA6 mask aligner) and developing in AZ300 MIF. Inductively coupled
plasma reactive-ion etching (ICP-RIE, STS Pegasus) formed ~ 30 pym and 75 pm deep micropore
arrays in the exposed regions, and the photoresist was stripped (Baker PRS 2000). To construct
pillars of a precise thickness, two methods were adopted. For thick substrates, the uncured PDMS
was poured onto the Si mold, degassed, and cured. For thin substrates, the uncured PDMS was
spincast on the Si mold at 5,000 rpm, for 60 s with a ramp rate of 5 s. Glass slides were then placed
atop the spin-cast layer. The PDMS was degassed to remove air bubbles between the glass slide

and mold, and finally the whole system was cured.

2.2.4 Ice adhesion evaluation

The ice adhesion strength, 7;.., was measured using a custom setup described previously[56].
Briefly, a force gauge was mounted to a movable stage. The gauge pushes the ice adhered to a
substrate on top of a Peltier plate. The thickness of ice is 5-8 mm whereas the gauge contacts the
surface < 1 mm from the surface. Testing was done at -10 °C except for a temperature study done
between -5 °C and -35 °C. 0.5 mL of water was used for all testing. Surfaces are allowed sufficient
time to fully freeze before testing. For smooth coatings, 7;.. was found to be independent of the
time between the water freezing completely, and the ice being sheared off. 7;.. is the maximum
force required to shear off a given area of ice. Force vs. time curves were acquired for surfaces
with 7;.. < 250 kPa by a Mark-10 force gauge which has a minimum resolution of .0005 N. With
this gauge, a 7, as low as 1.0 kPa can be measured with an accuracy of +.05 kPa. An Imada force

gauge was used for surfaces with 7;.. < 250 kPa, which has a resolution of 0.1 N.

2.2.5 Outdoor testing and evaluation at the U.S. Army’s CRREL

We coated the right half of a license plate with our icephobic PDMS (p“* = 102 £ 5 mol/m?,
25 wt% PMHS), and placed it outside during February 2013. Freezing rain occurred on the night
of the 26, and the plate was imaged the following morning. The uncoated side showed significant

19



Uncoated Coated

Figure 2.4: A half-coated license plate during outdoor winter 2013 testing, with ice only accreted on the
uncoated side.

ice accretion, whereas all accreted ice on the coated side sheared off during the ice storm (Fig.
2.4). Between December and March 2014, two glass panels (1 ft?) were placed outdoors, one of
them coated with our icephobic PDMS (p“? = 76 £ 1 mol/m?, 25 wt% silicone oil).

CRREL samples included a low p“* PDMS coating (o = 110 & 5 mol/m?), a low p*
PDMS coating containing 25 wt% silicone oil (p“” = 7641 mol/m?), our polyurethane containing
15 wt% safflower oil (0% = 52 4 1 mol/m?), and our PDMS-modified polyurethane containing
10 wt% silicone oil (p°* = 21 4+ 1 mol/m?). The CRREL ice adhesion setup involves aluminum
tabs with an area of ice ~ 10 cm?[9]. Ice is grown from starter crystals under precisely controlled
environmental conditions. A starter crack is formed at the base of the specimen and then the ice is

pulled in a direction normal to the surface plane. In this way, Mode-I type fracture is evaluated.

2.2.6 Degree of crosslinking determination

Swelling studies were performed using toluene and acetone as the probe solvents. Substrates were
submerged in excess solvent until a constant mass was achieved. Fully swollen substrates were pat-
ted dry prior to measurement to minimize any errors due to evaporation. Large enough substrates
were used so that the error associated with evaporated toluene vapor was < 2%. Swollen samples
were placed in an 80 °C oven under vacuum to remove the toluene until the mass remained con-
stant. In this manner the extractable and permanent mass content could be discerned[82]. Flory-
Huggins interaction parameters for the FPU, PFPE, and PU were estimated by determination of
their solubility parameter by swelling in a large number of solvents, as explained elsewhere[5]
(Fig. 2.5).
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Figure 2.5: Elastomer solubility parameter determination. a, Equilibrium swell ratios for the PU as a
function of the probe solvent’s solubility parameter, ds.,ent- The data is fitted to a Gaussian. b, Equilibrium
swell ratios for the FPU as a function of d40ene. The data is fitted to a bi-modal Gaussian, accounting
for the swelling of the fluorinated and urethane components independently. The peak around 19 MPa'/2 is
characteristic of the urethane bond[5]

2.2.7 Mechanical characterization

To make dog-bone specimens, the uncured material (PDMS, FPU or PU) was poured on fluoro-
silanized glass panels 1 ft x 1 ft in area. For PDMS and PU, no solvent was added as the viscosity
was low enough to produce smooth puddles of the liquid polymer. To the FPU was added 1 mL n-
butyl acetate (Sigma Aldrich) per 5 g FPU polyol and crosslinker. Once cured, dog-bone samples
with dimensions outlined in ASTM D412, Die D were stamped out[83]. Tensile testing was done
on a MTS Insight 10 using a 10 kN load cell and a 56 mm gauge length (Fig. 2.6). The crosshead
was controlled at 10 mm/min.

Mechanical abrasion was performed using a Linear Taber Abrasion machine with a CS-10 re-
silient abrader and a total weight of 1100 g. The abrader is refaced before each set of abrasion
cycles using sand paper (from Taber). Refacing is done at 25 cycles/min for 25 cycles. For abra-
sion, samples are clamped down and abraded for up to 5,000 cycles at 60 cycles/min and a stroke
length of 25.4 mm. For PDMS samples (Sylgard 184) the coating was completely removed after
< 50 cycles. Abrasion samples were drop-cast onto glass slides without dilution, giving a final

coating thickness of ~ 2 mm.

2.2.8 Additional durability testing

Thermal cycling was performed by leaving a coated glass slide on a 70 °C hotplate. After 24 hours,
the ice adhesion at -10 °C was measured and this process was repeated 10 times. Probing the low
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Figure 2.6: Tensile test data. a, Stress-strain results for our icephobic polyurethane rubber (VytaFlex 40,
15 wt% safflower oil). Note that the elongations at break are in excess of 1,000%. b, Re-plotting the data
using Mooney-Rivlin axes allows p©’ to be computed (intercept of the y-axis at infinite elongation). Due
to inaccuracies of the test machine at very small strains, linear regressions for the stress-strain data were fit
when A~! < 0.8, where )\ is the extension ratio. For all the materials tested, error between swelling studies
and tensile test data was typically < 5%. The error between measured samples was usually much larger
than the test method discrepancy, i.e. the two test methods gave statistically equivalent crosslink densities,
with an overall uncertainty of around 10%.

temperature characteristics of the coatings was done by adjusting the Peltier plate from -5 °C down
to -35 °C.

Corrosion testing was done in accordance to ASTM B117[84]. Briefly, steel tabs measuring
25 mm X 75 mm were spray-coated at 500 mg/mL. The coated pieces are hung in a salt-spray fog
chamber (Bemco Inc.) kept at 35 °C for 200 hours. A 25 mm scratch is made along the length
of the coating so that the steel underneath is exposed. After the accelerated corrosion, the ice
adhesion is measured.

A major concern for most hydrophobic polymers is their adhesion to substrates. We con-
ducted standard peel tests in accordance with ASTM D3359([85]. A standard tape (Elcometer 99)
is pressed on coated substrates using a rubber eraser. Substrates tested were steel, copper, alu-
minum and glass. An elongated X’ pattern is cut into the coating before the tape is applied. After
pulling the tape off quickly and at an angle of 180°, the coating is evaluated for removal from the
substrate. On all substrates tested, our coating showed no sign of removal. We then repeated this
process 10 times, followed by ice adhesion measurement.

Chemical stability was evaluated by submerging glass slides dropcast with out icephobic PU
(with silicone, safflower or vegetable oil) in 1.5 M HCI] and NaOH solutions. The coated pieces

were submerged for 5 minutes and then rinsed with copious amounts of deionized water. After
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drying, the ice adhesion was measured.

2.2.9 Microscopy and contact angle analysis

Optical images were taken using a VistaVision VWR optical microscope with a 5x objective.
Tapping-mode atomic force microscopy (AFM) was conducted using a Veeco Innova instrument.
Veeco TESPA tips and Hi Res C probes were used for imaging. Contact angles were measured
using a Ramé-Hart 200-F1 goniometer. Measurements were made by advancing and receding a
single droplet of liquid (= 10 pL) from a 2 mL micrometer syringe (Gilmont). Averages from at

least three independent measurements are reported.

2.2.10 Statistical analysis

Ice adhesion measurements are performed a minimum of 10 times successively on three different
samples. Reported ice adhesion values are the average of these 30 measurements. Errorbars on
all plots are one standard deviation. Crosslink density determination is performed on four separate
samples and then averaged. The error in crosslink density is propagated through the Flory-Rhener
analysis. Best fits are found through the method proposed by York et al.[7] to account for error in
both dependent and independent variables. The ice adhesion measurements taken post-durability
characterization are the average of three successive measurements on three different samples. Con-

tact angles are the average of three independent measurements on each sample.

2.3 Results and discussion

2.3.1 Mechanisms for low ice adhesion

We first attempted to understand the effects of interfacial slippage and p“* on 7., using a shear-
based (Mode-II) ice adhesion test, conducted at -10 °C[56]. To do so, we tested four representative
polydimethylsiloxane (PDMS) samples: high p“* PDMS (p“? = 30748 mol/m?), low p~ PDMS
(p°T = 50 £ 2 mol/m?), high p“* PDMS with oil (p“* = 290 & 25 mol/m?, 25 wt% silicone oil)
and low p“L PDMS with oil (p“% = 46 4 2 mol/m?, 25 wt% silicone oil) (Fig. 2.7). For high p“~
PDMS (unaltered Sylgard 184), ;.. = 264 £ 19 kPa, which matches reported literature values of
200-300 kPa[56, 69].

To achieve a surface with interfacial slippage and the same p“’ as Sylgard 184, we added
both silicone oil (which lowers p©*) and polymethylhydrosiloxane (which raises p©*) until the
equivalent pCL was achieved. Such a surface exhibited 7;.. = 58 + 5 kPa, a 5-fold reduction

over unaltered Sylgard 184, highlighting the effect of interfacial slippage provided by the miscible
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Figure 2.7: PDMS-based coatings having low or high p©”, with or without interfacial slippage.

chains. Note that by maximizing the miscibility between the elastomeric network and the chains
causing interfacial slippage, we avoid the formation of a liquid layer on top of the substrate than
can be easily abraded (discussed later)[66, 67, 71]. For PDMS with a lower pCL and devoid of any
uncrosslinked chains, we found 7;.. = 33 & 2 kPa. This is 5x lower than the theoretical minimum
of ;. = 150 kPa, without the use of lubricating layers, fluorination, or texture. Indeed, coatings
with values of 7;.. < 10 kPa can be fabricated without oil, solely by lowering p* significantly
(see coatings KK, PP, and RR in Table 2.1). Similarly, chemically grafted chains that can induce
interfacial slippage can lower the ice adhesion as low as 7;.. = 11 £4 kPa (Fig. 2.8). Interestingly,
both mechanisms can be used independently to fabricate surfaces with lower ice adhesion than
anything previously reported. Indeed, when both mechanisms are used in concert, these effects are
amplified. Accordingly, for low p“> PDMS with interfacial slippage, we measured 7;., = 641 kPa.

We fabricated a series of different icephobic coatings from PDMS, polyurethane rubbers (PU),
fluorinated polyurethane polyols (FPU), and perfluoropolyethers (PFPE), with p© varying from
0.68 mol/m? to 1203 mol/m?, as measured by solvent swelling using Flory-Huggins theory[86],
and confirmed by Mooney-Rivlin analysis[87] (Fig. 2.6). To enable interfacial slippage, we em-
bedded the elastomers with either silicone, Krytox, vegetable oil, cod liver oil, or safflower oil.
Earlier we stated that 7. o< G''/2 for elastomeric surfaces in the absence of interfacial slippage.
When we measured 7;.. for surfaces devoid of any uncrosslinked chains (i.e. no added oil), we
observed this dependence precisely (Fig. 2.9a).

In order to check if the two mechanisms of interfacial cavitation and interfacial slippage were
indeed occurring, we plotted our data in logarithmic coordinates (Fig. 2.10). Because we do

not know the other terms in Eq. 1.10 (cavitation) or Eq. 2.2 (slippage), we needed to verify
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Figure 2.8: When treated with a PDMS-silane, surfaces exhibited interfacial slippage and consequently
low ice adhesion. Fluoro-silanes, known to not exhibit interfacial slippage[6], showed relatively high ice
adhesion, in spite of their low solid surface energy.
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Figure 2.9: Mechanisms responsible for low ice adhesion. a, Relationship between pCL and 7. for
coatings without interfacial slippage. Error bars are 1 standard deviation. Notice the surface chemistry
independence for these materials. b, Variation of 7;.. with p©* for coatings with interfacial slippage enabled.
The data is plotted on logarithmic axes and the error in the data is shown in Fig. 2.10b.
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Figure 2.10: Mechanisms responsible for low ice adhesion. a, Relationship between p¢’ and 7;.. for
coatings without interfacial slippage. Error bars are 1 standard deviation, and the best fit is found using the
method proposed by York et al.[7]. The slope is 0.51 + 0.04. b, Variation of ;.. with p© for coatings with
interfacial slippage. The best-fit slope is 1.01 £ 0.03.

the dependence of ;.. on p©’ in both cases. The best-fit slope for the various rubbers without
interfacial slippage was 0.51 + 0.04, and when interfacial slippage was enabled, the best-fit slope
was 1.01 &£ 0.03. We are therefore confident that these two mechanisms are indeed responsible for
the observed reduction in ice adhesion.

Due to interfacial cavitation, the ice abruptly detached from these coatings (Fig. 2.11b). In-
terestingly, for the different elastomers tested here, we found no significant impact of elastomer
chemistry or surface energy on ;... The variation in ice adhesion strength was dominated by the
changes in p“~.

When interfacial slippage is enabled, 7., o< G, assuming perfect molecular contact between
the ice and the coated substrate[6]. As we started with liquid water that was subsequently frozen,
this assumption should hold. We confirmed this linear relationship for a number of different ice-
phobic systems, as shown in Fig. 2.10b.

Due to the interfacial slippage, the frictional force persisted long after the ice had un-adhered
from its original location (see Fig. 2.11e,f). Thus, we can differentiate elastomers with and with-
out interfacial slippage either by the dependence of 7;.. on p“*, or by comparing the shape of
their force vs. time curves over multiple icing/de-icing cycles. In order to predict the ice adhesion
strength reducing potential of interfacial slippage for different elastomers, we developed the di-

mensionless parameter [*. [* is the ratio between ;.. for an elastomer without interfacial slippage

( no—slip
ice

), and with interfacial slippage (7257 Both elastomers must have the same p¢L. In loga-

wce

rithmic space, we subtract the ice adhesion strength from the surface exhibiting interfacial slippage
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Figure 2.11: Force versus time curve analysis. (a and b) Force versus time curves for a lubricant (PMHS
oil) and a lubricated (coating R) surface. The number next to each curve is the order in which the testing was
performed. (c) Representative surfaces from Fig. 2.10b, where the ice un-adhered by interfacial cavitation.
Note the abrupt drop in force once the ice had detached. Depending on the cross-link density, the ice
adhesion can be low or high, but the mechanism for detachment remained the same. (d) The FPU (coating
77), which had no uncross-linked chains, caused ice to detach by interfacial cavitation, which resulted in
high but consistent ice adhesion values. (e) In contrast, the PU coating (pCL = 33 £+ 1 mol/m?, 15 wt%
safflower oil) showed interfacial slippage. Note the persistence of a nonzero sliding force long after the ice
had moved from its original location. Comparing (a) to (e), it is apparent that lubricated surfaces lose their
oily layer quite rapidly, transitioning to high ice adhesion surfaces. (f) In contrast, varying the cross-link
density on surfaces exhibiting interfacial slippage, the 7;.. values can also be low or high, but the mechanism
for detachment remains the same.

from the dry surface as,

—sli sl 1
log(T12*") — log (i) = 51og(p™") — log(p°*) + C (2.3)

ice ice

I” follows from simplifying the natural logarithms.

@o—slip C
= = (2.4)
Tice /7(71:

where C' is a constant. For 14 different elastomeric surfaces, we precisely made samples with
equivalent p“~, both with and without interfacial slippage. Our measured /* values match the
trend predicted by (2.4) quite well (Fig. 2.12).

The two important points to note here are that (1) a low p“* can help achieve extremely low
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Figure 2.12: The ice-reducing potential I* as a function of p©“. Error bars are 1 standard deviation, and
for the best-fit curve shown, R? = 0.89.

values of 7;.., and (2) interfacial slippage is most effective in lowering 7;.. for surfaces possessing a
low p®~. For example, enabling interfacial slippage for the FPU (p“L = 1098 mol/m?) only gives
I* = 1.6, whereas for soft PDMS (p“%* = 8.5 mol/m?), I* = 24. Moreover, by fitting the data
shown in Fig. 2.12, we find, C' = 83 mol'/? m~%/2. This has the physical interpretation that, for
p“t > 7000 mol/m?, the addition of oil (or enabling interfacial slippage) will have no effect on 7,
(see Fig. 2.2b). The crosslinked network with such a high p“* is too stiff to allow for significant
chain mobility. I* predictions from Eq. (2.4) work well even for systems that only possess physical
entanglements. For example, adding 25, 50, or 75 wt% liquid polybutene to polybutadiene (p“* ~
8,000 mol/m?)[88] resulted in statistically equivalent 7;.. values as compared to polybutadiene
with no embedded polybutene, i.e. I* = 1.0. The same was found for polystyrene (p“% =
450, 000 mol/m?®)[88] embedded with liquid, low molecular weight polystyrene (Table 2.1).

When designing surfaces with interfacial slippage, a thick, lubricating layer can form if the
added oil / polymeric chains start to phase separate from the elastomer. We performed a number of
experiments to differentiate lubricated surfaces from surfaces with interfacial slippage. The easiest
way to check for a lubricating layer is touching the surface by hand. The layer can also be detected
through controlled abrasion, or by repeatedly measuring 7;.. over multiple icing/de-icing cycles
(Fig. 2.3a). This free liquid layer is also readily viewable in optical micrographs or AFM phase
images (Fig. 2.13).

Lubricated systems are also mechanistically different from surfaces with interfacial slippage
because they rely on extremely low contact angle hysteresis to achieve their properties[3]. Further,
the friction on lubricated surfaces is independent of p“*, but heavily reliant on the oil viscosity[4].

In contrast, our icephobic surfaces utilizing interfacial slippage can have high Af (Table 2.1),
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Figure 2.13: AFM phase images and optical micrographs of the PU coating with 15 wt% safflower oil, the
PU coating with 10 wt% silicone oil, or the PU coating with no oil, are shown in a, b, and c, respectively.
Whereas (a) and (c) appear dry, the lubricating layer is quite visible in (b).

survive harsh mechanical abrasion that should remove any lubricating surface layer (discussed
below), display ;.. values that depend strongly on p“* (Fig. 2.10), and are independent of oil
viscosity (Fig. 2.3b).

Initially we stated that superhydrophobic surfaces may not be icephobic due to wetting of their
porous texture by condensing water droplets or frost. However, if the icephobicity arises from low
pCL and interfacial slippage, superhydrophobic surfaces can be icephobic, even when fully wetted.
Using a silicon mold with a square array of holes, we fabricated icephobic, PDMS-based micro-
pillars (7;.. = 26+3 kPa). Droplets of water placed on such a surface display superhydrophobicity,
with 6%, /0., = 165°/161° with water, and a low roll-off angle of 3° (Fig. 2.14). Such surfaces
effectively repel water (above 0 °C) through minimizing the solid-liquid contact area, and solid
ice (below 0 °C) through low p“* and interfacial slippage. The differing mechanisms allow for a

superhydrophobic surface to remain icephobic even when the surface is fully frosted.

2.3.2 Icephobicity of metal meshes

The PDMS-based coatings can also be used to imbue icephobicity to other textured surfaces, such
as different wire-meshes, yielding values as low as 7;.. = 2.4 4 0.5 kPa (Fig. 2.15). Metal meshes
were coated with PDMS + silicone oil mixtures to elucidate the effects of porosity on 7., in
spite of condensation. Each mesh, when tested, was suspended on glass slides ~ 1 mm thick
with the area directly below the column of water open to air (inset, Fig. 2.15g). In this way,
condensation occurred on the Peltier plate beneath the mesh, but did not reach the column of water
during testing. At a Peltier plate temperature of -10 °C, for a suspension height of 1 mm, we

found the mesh surface temperature to be around -8 °C. Other experiments indicate that there is
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Figure 2.14: Superhydrophobic and icephobic surfaces. Droplets of water placed on icephobic PDMS
pillars (coating I in Table 2.1) display superhydrophobicity, with 6* , /6% . = 165°/161° with water, and

adv/ “rec
a low roll-off angle of 3°. For 20 successive icing/deicing cycles on such surfaces, we measured 7;.e =

26 + 3 kPa. These surfaces effectively repel liquid water through minimizing the solid-liquid contact area,
and solid ice through low p©’ and interfacial slippage. The differing mechanisms allowed the surface to
remain icephobic even after the surface was fully frosted.

a negligible difference in 7;.. measured at -8 °C and -10 °C. Wetted fractions, % open area, and
surface roughness could all be considered constant for any given mesh. To find the exact surface
area in contact with water during testing, we first derive the surface area of a single metal wire with
diameter D.

Water comes in contact with the top of each wire until locally Young’s relation (Eq. 1.3 has
been achieved[25], i.e. the angle made at the three-phase contact line is the equilibrium contact
angle 0y . From geometry, § = (7 — fy) + (5 — «), where « is defined in the inset of Fig. 2.15e.

2
From this we find,

o SAwire
- — 2.
2T 2D 2.5)
as we have only considered one half of the wire. Therefore,
SAwire = D(Tf - QY) (26)

For a given mesh, the mesh number M is defined linearly as the number of cells per inch. Thus
there are 2M wires in any in?>. We must be careful to not double count the surface area from the

overlap of wires within the weave. There are M? total of these overlaps. We then write,

S Amesn = 2M D(1r — 6y) — DM>D(m — 0y) 2.7)
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Figure 2.15: Icephobicity of coated meshes. a, The parameter space of mesh properties evaluated. b, The
effect of dip coat solution concentration on % open area. ¢, SEM micrograph of a PDMS coated, mesh
500. d, Frost all around our ice testing setup, including underneath the suspended mesh. e, 7;.. versus the
% open area of meshes with D = 140 pm. f, 7., versus D? for meshes with an open area of 30%. g, Tice
for a coated mesh correlated well with the predictor D?r, where r was the Wenzel roughness and D was
the wire diameter. The low interfacial area between ice and the substrate can significantly lower ;e . A
PDMS-coated (p“F = 219 + 13 mol/m?, 25 wt% 100 cP silicone oil) mesh with a wire diameter of 140 ym
and an open area of 59% displayed 7" = 2.44-0.5 kPa, whereas 757°°*" = 354 5 kPa. The inset shows

wce wce
the experimental setup for suspended metal mesh ice adhesion testing.
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S Amesh = DM (1 — 6y)(2 — DM) (2.8)

If we consider a unit cell of a mesh, the area contains one cell of the mesh, along with two wires,
with an overlapping area of D?. The side length of this unit cell is simply M !, whereas the side

length of the open area is M~ — D. The open area O A is then,

(M~ — D)
OA = ——-— 29
Ve 2.9)
which simplifies to,
OA=1-DM((2—-DM) (2.10)

The total parameter space of metal meshes studied can be seen in Fig. 2.15a. When coating
the meshes we used solutions with a polymer concentration of 200 mg/mL in hexane. Coating
thickness could alter the above calculations, and thus we experimented to find a coating thickness
that minimally altered the dimensions of the mesh while still providing complete surface coverage
(Fig. 2.15b,c). The optical image of the test setup shown in Fig. 2.15d highlights how frosting is a
major concern for textured surfaces in the Cassie-Baxter state[2]. Underneath the freezing column
of water frost is prominently visible, but it did not affect our measurements.

We tested four meshes of differing diameter but constant 30% O A (Fig. 2.15f) and five meshes
with constant diameter (140 pm) and differing OA (Fig. 2.15¢). We found a linear relationship
with 7;. between both OA and D?. Moreover, we found that D?r correlated best with 7, for
all the meshes we tested (Fig. 2.15g). Here r is the Wenzel roughness[1], which is the non-
dimensional form of SA,,.s, (wWhich is defined per in?).

2.3.3 Durability of icephobic coatings

To initially characterize the durability of our icephobic coatings, we evaluated force vs. time
curves, and thereby 7., for our surfaces over repeated icing/de-icing cycles. For surfaces damaged
during the icing/de-icing process, the shape of the force vs time curves changed, and ;.. increased,
with increasing icing/de-icing cycles. Both lubricated surfaces, as well as surfaces too soft to
prevent physical damage, displayed such behavior within 10 icing/de-icing cycles (Fig. 2.11a,b
and 2.3a). However, these soft surfaces often displayed almost immeasurably low 7,.. values. We
measured 7;.. = 0.15 + 0.05 kPa for our most icephobic surface (Fig. 2.16). This is one of the
lowest 7. reported thus far, and over five orders of magnitude below 7;.. for aluminum. Ice slides
off such surfaces solely under its own weight. However, additional icing/de-icing cycles begin to
degrade the surface, raising 7,.. (Fig. 2.16). Durable surfaces with interfacial slippage, typically
possessing higher p©~, maintain their low ice adhesion values (7;.. = 3.6 £ 1.0 kPa) over repeated

icing/ de-icing cycles (Fig. 2.3a), and show self-similar force vs. time curves (Fig. 2.11e).
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Figure 2.16: The force vs. time curves for coating Q, comprised of Sylgard 184 PDMS and 75 wt% silicone
oil (Table 2.1), which displayed an initial ice adhesion strength of 7;. = 0.15 4= 0.05 kPa. The X’ symbol
denotes the time when ice first un-adhered from the coating.

To illustrate the significant advantage of coatings that repel ice through low p“* in conjunc-
tion with interfacial slippage, we conducted two simple tests for durability: repeated icing/de-
icing and relatively mild abrasion (Fig. 2.17). We compare our coatings’ performance to other
state-of-the-art icephobic coatings, such as commercial superhydrophobic surfaces (NeverWet©),
lubricant-infused surfaces[3], extremely low surface energy fluorodecyl POSS coatings[56], and
commercially available icephobic coatings (Nusil R-2180). As fabricated, our PU coating (coating
CB; p“L = 33 mol/m?, 15 wt% safflower oil, 044, /0rec = 67°/29°, A = 38°), shows an order of
magnitude reduction in 7;.. over the other state-of-the-art coatings considered here. Further, after
just 10 icing/de-icing cycles, all other coatings, except those fabricated here, exhibit 7;.. > 200 kPa
(with the exception of the commercial coating Nusil R-2180, which is a low p“* PDMS). Addi-
tionally, after mild abrasion, only our PU coating remains icephobic, with an ice adhesion strength
2,500% lower than any other coating relying on lubrication or low surface energy.

We additionally tested our PDMS-based coating (coating OO), which can be repeatedly iced but
is mechanically very poor, and a PU-based coating, where we intentionally added excess safflower
oil (20 wt%) to form a lubricating, free-oil layer (coating CC). There is statistically no difference
in 7;.. values between the lubricated and interfacial slippage PU-based coatings initially, or after
10 icing/de-icing cycles (see Table 2.1, Fig. 2.18b, Fig. 2.17). However, the lubricated PU coating
easily delaminates from essentially all coated substrates (left inset, Fig. 2.18a) due to the presence
of the free-oil layer. Similarly, SLIPS-based surfaces utilizing costly, fluorinated lubricants suffer
a 10-fold increase in ice adhesion after just a few icing/de-icing cycles (Fig. 2.1). Thus, there

is a marked advantage to producing interfacial-slippage-based icephobic coatings. Finally, note
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Figure 2.17: Comparison of coatings in this work with other state-of-the-art icephobic surfaces. Also,
additional durability characterizations are presented for the PU coating with interfacial slippage (coating
CB in Table 2.1). For details on each coating and test configuration, see Sec. 2.2.

that a silicon wafer treated with a PDMS-silane, a surface exhibiting interfacial slippage[52] due
to pendent chains[89], also exhibited very low ice adhesion (7;.. = 11 + 4 kPa, see Fig. 2.8,
Fig. 2.17). In comparison, a Si wafer coated with a low surface energy fluorinated silane exhibits
relative high ice adhesion (7;.. = 248 + 57 kPa, Fig. 2.8). However, these thin silane coatings can
be abraded away relatively easily (Fig. 2.17).

To demonstrate the real-world potential of our durable icephobic surfaces, we conducted out-
door testing during the winter months of 2013 and 2014 in Ann Arbor, Michigan. Over the four
months of exposure, both snow and ice accreted severely on an uncoated glass panel. The coated
panel often had snow settle on it, but all ice that formed was quickly sheared off even from mild
winds[75] (Fig. 2.19). After four months of exposure, the contact angles and 7;.. for the coated

surface were the same as before testing, highlighting the coating’s durability.

Finally, we conducted extensive durability testing (Fig. 2.18a, 2.17) on our icephobic polyurethane
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Figure 2.18: a, Mechanical abrasion of three different icephobic coatings. The PDMS (coating NN) and
lubricated PU (coating CC) were easily damaged or delaminated within 20 abrasion cycles, whereas the PU
with interfacial slippage (coating CB) survived over 5,000 cycles while maintaining low ice adhesion. b,
The effect of oil content in our PU on 7;.. after normalizing by p©~. The miscibility limit of safflower oil
is = 16 wt%. It was clear that once the oil started to phase separate from the PU elastomer, the mechanism
for reduced ice adhesion transitioned from interfacial slippage to lubrication.

Figure 2.19: Outdoor testing of a PDMS-based coating (coating NN; see Table 2.1) for 4 months during
winter 2014. On Februar 12, the un-coated panel was covered with a ~ 7 mm layer of glaze, the type of ice
with the strongest adhesion[8]. No ice had accreted on the coated panel. On March 4, 2014, snow followed
a night of freezing rain, which completely covered the un-coated panel. The coated panel only had a small
amount of accreted ice remaining.
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(coating CB) including Taber abrasion (ASTM D4060), acid/base exposure, accelerated corrosion
(ASTM B117), thermal cycling, and peel testing (ASTM D3359). We also measured 7;.. over
100 icing/de-icing cycles, and evaluated the coating in a temperature range from -5 °C to -35 °C
(Fig. 2.20b). After 5,000 abrasion cycles, causing over 600 pm of thickness loss, the coating re-
mains icephobic because icephobicity is an inherent property of the coating. PDMS-based coatings
(coating NN) or lubricated PU-based coatings (coating CC), though equally icephobic initially, are
completely abraded away (and/or delaminated) after < 20 cycles (Fig. 2.18a). The use of high
surface energy elastomers, and the lack of a free oil layer, allows us to create coatings that adhere
very well to any underlying substrate. We observed no increase in ;.. even after 10 successive peel
tests on steel, copper, aluminum, and glass, or after thermal cycling between -10 °C and 70 °C. The
average ice adhesion strength for this coating after all durability testing is ;.. = 9 + 2 kPa. We
additionally subjected our icephobic polyurethane to a tensile stress of 2.5 MPa, causing the elas-
tomer to elongate by 350% without breaking or losing its icephobic properties (Fig. 2.18a, right
inset). Additional tensile testing showed strains in excess of 1,000% (Fig. 2.6). The developed, ex-
tremely durable coatings can be spun, dipped, sprayed, or painted onto essentially any underlying
substrate, of any size. Finally, we had the extremely low ice-adhesion strengths for multiple sur-
faces independently verified by Mode-I type (peel test) and Mode-II (zero-degree-cone) adhesion
testing at the US Army’s Cold Regions Research and Engineering Laboratory[9] (see Fig. 2.20a).

2.4 Conclusions

In this work we discussed two universal attributes, crosslink density and interfacial slippage, that
can be used to systematically tailor ice adhesion for elastomeric surfaces, irrespective of material
chemistry. It was found that interfacial slippage makes the biggest impact on the ice-adhesion
strength of low crosslink density elastomers. Using this understanding, we fabricated a range of
different, mechanically durable, long lasting icephobic surfaces, from a wide range of material
systems. We foresee such extremely durable icephobic coatings having immediate, worldwide
applications across various industrial sectors, academic disciplines, and engineering endeavors. In
the next chapter we further explore the addition of oil to polymeric materials. We formulate a new
model that accurately predicts the reduction in ice adhesion strength of essentially any material,

through the addition of oils or plasticizing agents.
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Figure 2.20: Interfacial slippage mechanism additional data. a, Comparison of five samples (BX: PU
+ 15 wt% vegetable oil, BH: PDMS-modified PU + 10 wt% silicone oil, RR: low p¢“ PDMS without
oil, OO: low pCL PDMS + 25 wt% silicone oil, CB: PU + 15 wt% safflower oil, see Table 2.1) sent to

CRREL compared to data taken in-house. Note that CRREL data points (Mode-I) were the average of
two different samples tested once, whereas the in-house data points (Mode-II) were the average of at least
10 subsequent measurements. Mode-I is defined by tensile loading at the ice-substrate interface, whereas
Mode-II is defined by shear loading at the ice-substrate interface[9]. The zero-degree-cone test (ZDC) is
an alternate method of evaluating Mode-II ice adhesion. b, Low temperature studies for the polyurethane
filled with 15 wt% vegetable, cod liver, or safflower oil. The increase in ice adhesion indicated the loss of
interfacial slippage, caused by the freezing of the fatty acid chains. The polyunsaturated fatty acid content

increases from vegetable to cod liver to safflower oil.
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CHAPTER 3

A Predictive Model for Icephobicity

3.1 Introduction

The removal of accreted ice remains a costly, hazardous hindrance, both residentially and indus-
trially across the globe[63, 8]. Coatings that significantly reduce the adhesion between ice and a
given surface can be called icephobic[72]. However, very few coatings have been fabricated that
facilitate the complete removal of ice without the input of additional energy, i.e. surfaces where ice
may be removed by its own weight[54, 90, 77, 3, 78, 91, 75, 70]. Typically, these extremely ice-
phobic surfaces have relied on sacrificial lubricants, where the icephobic properties may diminish
as the lubricant becomes depleted. There are no methods of predicting the resultant ice adhesion
once the lubricant has been removed. This inability to predict the ice adhesion is not limited to
initially lubricated surfaces. Although it would be highly desirable, there is currently not a single
reported method for predicting and therefore designing the icephobicity of a given surface.

Materials like glass, steel and aluminum display ice adhesion strengths 7;.. > 1,000 kPa[54,
56]. The ice adhesion strength of polymeric systems typically ranges from 150 < ;.. < 500 kPa[56,
68]. However, for ice to be removed by wind shear or solely by its own weight, significantly lower
Tice Values are necessary. For example, ice accumulation notoriously lowers the efficiency of wind
turbines during the winter months[92]. A typical offshore wind turbine blade is 85 m long and
rotates at a minimum of 10 rpm[93]. At the blade tip, the centripetal force experienced by a square
meter slab of ice that is 1 cm thick is around 12 kN. For this ice to detach, 7;.. < 12 kPa is neces-
sary. This order-of-magnitude disparity highlights the inherent difficulty in fabricating practically
useful icephobic surfaces.

In Chapter 2 we showed that low crosslink density elastomers are intrinsically icephobic[54].
When ice adhered to a low-p©’ elastomer experiences a shear stress, the ice-elastomer interface
can cavitate, causing the ice to detach at low applied loads[62]. Ice adhesion strengths as low as
T.ce = 10 kPa were reported for dry elastomers solely utilizing interfacial cavitation. However,

these extremely soft surfaces are not mechanically robust. Therefore, interfacial cavitation alone
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offers limited improvement, in terms of durability towards repeated icing/de-icing, over lubricated
systems that initially display equally low ice adhesion strengths[77, 78, 91]. Fortunately, engen-
dering slip at the ice interface can further reduce the adhesion of ice to elastomers.

3.2 The model

The purpose of this work is to understand how the ice adhesion of elastomers changes when the
elastomer is filled with a water-immiscible liquid. We will refer to this liquid as oil’, although any
liquid sufficiently immiscible with water will suffice. To predict the ice adhesion of an oil-filled

elastomer, we will show that only two properties need be known:

no—oil
Tice

, the ice adhesion strength of the unfilled (dry) elastomer.
@®, the maximum amount of oil that can swell the dry elastomer.

Based off Chernyak’s model for the friction of rubber[50], we previously showed that when

interfacial slippage was enabled (recall Fig. 2.9b),

il CL
Tie PYilled

no—oil CL : (3 : 1)
Tice punfilled

The reduction in ice adhesion of an oil-filled elastomer was shown to be directly proportional to
the reduction in crosslink density of the elastomer. It is well known that filling an elastomer with
a liquid lowers its effective crosslink density[86]. To predict the reduction in ice adhesion caused
by filling the elastomer with oil, a relation between p“’ and oil content, ¢, is needed. Below we
derive such a relation.

If interfacial slippage occurs, the reduction in ice adhesion has been shown to strongly depend
on the p“~. For example, a 24-fold reduction in 7;.. was observed for a soft polyurethane rubber
(Fig. 2.12), and essentially no change in 7;.. for rigid plastics like polystyrene[54]. However, mod-
ification of the base material was necessary to achieve identical p©~ values for when comparing
surfaces that did, and did not, exhibit interfacial slippage. In this work we discuss the more gen-
eral case, and investigate how 7;.. changes when both the crosslink density and interfacial slippage
are varied for each elastomer/oil combination. Essentially, we answer the question: for surfaces
exhibiting interfacial slippage, how does 7;.. depend on ¢,;?

In our proposed model for interfacial slippage, we assume that the ice adhesion of pure oil is
negligible. After all, liquids may be defined by their inability to support shear stresses[23]. Highly
lubricated systems have approached this idealization, initially displaying 7;.. = 1.7 kPa[78], ;.. =
0.4 kPa[77], and 7;.. = 0.15 kPa[54]. At the ice-elastomer interface, we let ¢, be the fraction of
solid elastomer in contact with ice. The remaining (1 — ¢;) of the surface is comprised of oil, and

we define a lubricated surface such that ¢, = 0. We propose that the ice adhesion strength of an
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oil-filled elastomer is given by,

pCL

oil __ filled no—oil

Tice = CL Tice ¢s . (3 2)
Punfilled

Eq. (3.2) combines the reduction in crosslink density through the addition of oil, or relation
(3.1), with the reduction in adhesion sites at the surface of the oil-filled elastomer. The linear
scaling with ¢, has the advantage of bounding the ice adhesion of the oil-filled elastomer between

no—oil
Tice = Tice

, when ¢,; = 0, and 7;.. = 0, when the surface is fully lubricated. To measure ¢, we

use the theory of hemi-wicking first proposed by Quéré for rough, partially wetted surfaces[33].

3.3 Theoretical underpinning

The Flory-Rehner equation has been successfully used since 1943 to describe how elastomers swell

in the presence of liquids[86]. Often it is written as,

o log(1 = o)+ va + i

(3.3)
(A" = 0.51,)

where v is the volume fraction of polymer in a swollen gel and  is the Flory-Huggins interaction
parameter between the polymer and the probe solvent, with molecular volume V;. Equilibrium
swelling occurs when the enthalpic gain from solvating the polymer is balanced by the entropic
penalty of stretching the polymer. Flory and Rehner originally derived this equation for natural
rubber vulcanates, which are often filled with carbon black. Twenty years later, Kraus extended
the Flory-Rehner equation to account for such rigid fillers within the elastic network that would
not undergo deformation in the presence of a solvent[94]. If S is the apparent swell ratio of a filled
rubber, and S, is the swell ratio of the unfilled rubber, Kraus proposed that S = (S, — ¢)/(1 — ¢),
where ¢ is the volume fraction of filler. This relation suggests that only the volume of rubber,

(1 — ¢), can be swollen by the solvent. For our purposes, this can be rewritten as,

vt =15(1— ) /(1 — ). (3.4)

where 14" is the apparent volume fraction of polymer (that had been filled with oil) in a swollen
gel, and v, is the volume fraction of polymer (that was initially unfilled) in the gel. Note that
vy = S, ! and similarly v5% = S~!. For particulate fillers, Kraus showed that the filler-rubber
bond strength limited the final swell ratio by some swelling deficiency, Av. Here the filler is an
oil, which may be displaced by the solvent upon swelling, making elastomers pre-filled with oil an
idealized case where Av = 0. When we swelled seven different oil-filled elastomers (Fig. 3.1),

good agreement was observed between our experimental swell ratios and Eq. (3.4). We normalize
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Figure 3.1: The crosslink density reduction of oil-filled elastomers. a, the ratio of the apparent swell ratio
to the unfilled swell ratio (no oil) for seven different elastomer/oil combinations, versus the oil content. The
oil content has been normalized by the maximum oil solubility within the elastomer for readability purposes
only. The solid lines represent Eq. (3.4). b, the crosslink density reduction for the same seven elastomer/oil
combinations. VF40: Vytaflex 40. MCT: medium chain triglyceride oil. HL. SFO: high-linoleic safflower
oil. SO: silicone oil. HD: hexadecane. CF50: Clearflex 50. DIDA: diisodecyl adipate. PB-6: polybutene
lubricant. See Sec. 3.4 for details.

®oir by its maximum value, ¢}/“, for readability purposes only in Fig. 3.1.

Recalling relation (3.1) from above, the reduction in p“* of an elastomer, due to swelling by an
oil, is proportional to the reduction in ice adhesion. The crosslink density of an oil-filled elastomer
can be found by substituting Eq. (3.4) into the Flory-Rehner relation. Dividing the relation for the

filled crosslink density by its unfilled counterpart yields,

Pk, Nlog(Bgy 4 x(2Ug)? 4 2oa ()5 0.50)

B (1-129) (1-v29) (1-129) (3.5)
CL - va(l— va(1— '
punfilled (lOg(l - VQ) + v+ XVS)[((f£u2i§)l/3 - 2(21(*112(;;))]

For large swell ratios (small 1), this reduces to,

CcL
p ille

L = (1—¢)"* (3.6)
Punfilled

Because p* is a property of the elastomer, and does not depend on the solvent used to measure
it, an appropriate choice of solvent can always be made such that 15 is sufficiently small, meaning
Eq. (3.6) is not an approximation. Eq. (3.6) makes intuitive sense because all the solvent-specific

properties used to measure p©~, namely v, V; and , have dropped out. The degree by which p©*

41



o
o

1 L4 ¢ PDMS/SO ¢ PDMS/SO L7
PDMS/HD Of » PDMS/HD &
0sl ¢ CF50/DIDA — CF50/DIDA o
= B » * CF50/PB-6 8-0.5; % CF50/PB-6 s
- ) i ® VF40/MCT = ® VF40/MCT o
5506 2 VF40/HL SFO ] ©F -1F < VF40/HL SFO A
= . m VF40/Jojoba ~, 15| ® VF40/Jojoba ¥°
4 3 0.4 .\\Q Cl) E ~t //, °®
O = 0. { DL //
= 0.2} o - g * P
5/3 RET -2.5 L
0 (1-6g) * ] 3& 3

1 05 0 05
)

no
1

- -
o

In(1-¢

oil

Figure 3.2: (left) The measured reduction in crosslink density for three different elastomers swollen in
seven different oils, plotted against the amount of oil within the rubber. (right) the same data plotted in
logarithmic coordinates, along with a line of slope 5/3. See the caption of Fig. 3.1 for abbreviation meanings.

is reduced when filled with oil solely depends on ¢. Note that Flory and Rehner also observed an
exponential dependence of 5/3 between p“* and v, when they neglected the heat of dilution and
assumed 15 was small in their original work (equation (19’) in their seminal 1943 paper)[86]. In
Fig. 3.2, we show excellent agreement between Eq. (3.6) and three different elastomers filled with
seven different oils. Thus, Eq. (3.6) accurately predicts how a certain amount of oil will reduce the
crosslink density of an elastomer, up to ¢)}'*.

In a binary mixture, the lower surface energy species preferentially migrates to the interface
until the gain in surface energy equilibrates with the loss in translational entropy in the bulk[23, 95].
According to the theory of hemi-wicking, the apparent contact angle (/*) of a liquid on a film
comprised of the same liquid is 8* = (0°; the liquid perfectly spread on itself[33]. Contrastingly,
the equilibrium contact angle of the liquid on an elastomer is given by some (usually) non-zero
value, fy. Hence, the apparent contact angle of an oil on an elastomer with some fraction of the

same oil on its surface may be found using[23, 33],

cos 0" = (1 — ¢4) cos 0° + ¢, cos Oy (3.7)

where we recall that ¢, is the solid fraction of elastomer on the surface. The embedded oil within
the elastomer can therefore be used as a probe liquid when measuring contact angles, in order to
find the fraction of oil on the surface, (1 — ¢). If the elastomer is covered by a film of oil, §* = 0°.
In Fig. 3.3a we show the measured surface fraction of a polyurethane rubber, filled with various
amounts of six different oils (described in Sec. 3.4 below).

Because the solubility of an oil in an elastomer depends on its chemical composition[96], full

surface coverage (¢, = 0) was reached at different ¢,; values for different oils. For example, oil
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Figure 3.3: The surface fraction of oil-filled elastomers. a, the solid fraction of an oil-filled elastomer
versus the oil content within the elastomer. b, this data collapses when the oil content is normalized by its
maximum solubility within the elastomer. HO = high oleic. DUP = diundecyl phthalate.

derived from the seeds of the simmondsia chinensis plant (jojoba oil) fully covered the surface of a
polyurethane rubber around ¢,; ~ 0.1. Fractionated coconut oil (also called medium-chain triglyc-

eride or MCT oil) did not reach full surface coverage until ¢,; ~ 0.7. By swelling pieces of dry

rubber in each oil, ¢7'/'** may be measured once a constant mass has been achieved (Table 3.1)[81].
Normalizing the fraction of oil within the rubber by ¢7'/** collapsed all our ¢ measurements (Fig.
3.3b). The slope of the best-fit line was o = 0.7114, and the solid fraction at ¢,; = 0 was set to

¢s = 1.0. This yielded,

¢s =1 — agou/ o™ (3.8)

This linear relationship is a quantitative relation between the amount of oil within the bulk of

an elastomer, and the amount of oil on the surface of the elastomer. Note that o exceeding unity

represents the lack of formation of a free oil film on the surface of the elastomer when ¢,; = ¢7'/**.
We always observed that additional oil was required before 8* = 0°, and consequently 7;.. ~ 0.

Substituting Eq. (3.6) and (3.8) into Eq. (3.2) yielded Eq. (3.9).

Tpil
—L— = (1 — o)™ (1 — it/ ") (3.9)

Tice

Here the left hand side indicates the reduction in the ice adhesion of the elastomer through the
addition of oil. The right hand side is comprised of two terms. The first term gives the reduction in
the ice adhesion strength due to a decrease in the crosslink density of the elastomer, and the second

term represents the amount of elastomer on the surface capable of forming an adhesive bond to
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ice. Again, we assume no adhesive bond forms on the fraction of oil partially covering the surface
of the elastomer, (1 — ¢,). We now discuss the validity of Eq. (3.9) for a wide range of material

systems.

3.4 Materials and methods

3.4.1 Materials

Vytaflex 40, Vytaflex 20 and Clearflex 50 (Smooth-On Inc.) or Sylgard 184 (Dow Corning) were
mixed per manufacturer instructions. PB-6 (Soltex Solvents), MCT, eucalyptus (EuO), jojoba, HL.
SFO, HO SFO, and squalane oil (Jedwards International) or DIDA, DUP, SO (100 cP), and n-
hexadecane (Sigma Aldrich) were added to the liquid pre-polymer and the solution was vortexed
until homogeneous. The mixtures were then poured onto glass slides and allowed to cure at room
temperature (Vytaflex) or at 80°C (Clearflex and PDMS) overnight. For the CFSOVF20 coating in
Table 3.2, equal parts of the two elastomers were combined.

Polyvinyl chloride (PVC) (M, = 120,000, Scientific Polymer) was dissolved in a 60/40 vol%
mixture of acetone and n-methyl pyrrolidone (Sigma Aldrich). First, a stock solution at a con-
centration of 100 mg/mL of PVC in this solvent mixture was formed. Once fully dissolved, MCT
or DIDA was added to the solution and the system was homogenized using a vortexer at room
temperature. The solution was poured onto glass slides and the solvent was allowed to evaporate
on a 40°C hotplate overnight. Polystyrene (PS) (M, = 190,000, Scientific Polymer) or chlorinated
natural rubber (CNR) (Covestro) were dissolved in toluene (Sigma Aldrich) at a concentration of
500 mg/mL. Either MCT or DIDA was added, and the solution was homogenized using a vortexer.
The solution was poured onto glass slides and the toluene was allowed to evaporate on a 50°C
hotplate overnight. Ethyl cellulose (EC) (Scientific Polymer #142) was dissolved in toluene at a
concentration of 100 mg/mL. MCT was added, and the solution was homogenized using a vor-
texer. The solution was poured onto glass slides and the toluene was allowed to evaporate on a
50°C hotplate overnight.

3.4.2 Swelling and ice adhesion measurement

Tice Was measured following the same procedure as outlined in our previous work[54]. The method
is described in detail in Section 2.2.4 above. Crosslink densities were measured by swelling 50-
200 mg pieces of the various oil-filled elastomers in excess toluene. After 24 hours the toluene was
exchanged to remove any oil extracted from the swollen rubber samples. The weight was recorded

daily. Once a constant mass was achieved, the samples were placed in a 120 °C oven under
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Table 3.1: ¢'** for four elastomers and ten different oils.

Oil VF40 VF20 CF50 VF20CF50
MCT Sl .62 .065 .36
DIDA .50 .60  .041 34
DUP .50 .62 .047 34
Jojoba A1 A1 .051 A1
Squalane .08 .09 .035 A1
HL SFO .29 .39 .059 A5
HO SFO .17 24 .027 .09
Silicone .09 A3 .046 A2
PB-6 24 .29 .060 A5
EuO .80 .88 43 .66

vacuum to remove the toluene. The final mass was recorded after the toluene was completely
removed. The swell ratio was defined as the ratio of the swollen mass to the final mass, after
the solvent and oil were completely extracted. To determine the maximum solubility of an oil in
an elastomer, pieces of the elastomer were placed in vials of excess oil. A similar procedure as
above was followed. Note, the higher molecular weight of the oils used in this work necessitated
large diffusion times before equilibrium swelling was achieved (up to 8 weeks in some cases). The
maximum oil solubilities of 10 different oils within four different rubbers, VF40, VF20, CF50, and
a 1:1 w/w% mixture of VF20 and CF50 (denoted VF20CF50), are shown in Table 3.1

3.4.3 Surface fraction determination

The fraction of oil on the surface of the oil-filled elastomers was determined through the method of
hemi-wicking using a Ramé-Hart 200-F1 goniometer. A drop of oil was advanced on the surface
of an elastomer filled with the same oil. The advancing contact angle was used in place of #y-. Use
of the advancing contact angle largely avoided any temporal effects (for example swelling of the
elastomer during contact angle measurement). The values used to determine ¢, were the average
of at least 5 measurements and typical error in the measurements was +2°. Note that samples
containing ¢,; > ¢o7'* were necessary to achieve ¢ ~ 0. This occurred partly because we chose
to use the advancing contact angle for our measurements, and partly because, at ¢,; = @0 ;",

additional oil was required to form a thick film on the surface of the elastomer.

3.4.4 Transparency analysis

Optical transparency of the PVC sample was measured using a Varian Cary 50 Bio UV Vis Spec-

trometer. A scan range of 200-800 nm was probed using a scan rate of 600 nm/s. Glass was used
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as a baseline.

3.5 Results and discussion

3.5.1 Icephobic elastomers

For an oil that is highly miscible with an elastomer, the (1 — ¢,;;)*/® term dominates Eq. (3.9). As
such, even relatively large amounts of oil within the elastomer will not drastically reduce the ice
adhesion strength. When no oil is present on the elastomer surface, the decrease will solely depend
on the reduction in crosslink density. In this case, Eq. (3.9) would reduce to,

Tice 5/3
e = (1= o). (3.10)

MCT oil displayed high (¢ ~ (.5) miscibility in the polyurethane rubber Vytaflex 40

oil

(VF40). As Fig. 3.4a clearly shows, Eq. (3.9) was a very good approximation to the ice adhe-
sion strength of VF40 filled with MCT oil, especially for ¢,; > 0.2. Moreover, although the MCT
oil was highly miscible with the rubber, clearly Eq. (3.10) did not fully capture the observed reduc-
tion in 7;... The reduced ice adhesion strength depended on both the crosslink density decrease and
the presence of oil on the surface. To contrast this, we also filled a fluorinated polyurethane (FPU)
with high-linoleic safflower oil. For this system, the surface energy of the fluorinated network
was lower than the surface tension of the plasticizer. As such, the observed ice adhesion strength
followed Eq. 3.10 (see Fig. 3.6c below). Note that when the actual surface fraction and crosslink
density of the oil-filled elastomers were measured (square symbols in Fig. 3.4, also see Sec. 3.4),
our model, or Eq. (3.2), predicted the exact ice adhesion strength of the oil-filled elastomer, within
experimental error.

Eq. (3.9) also predicted the ice adhesion strength for elastomer/oil combinations with poor
miscibility. In contrast to the highly miscible MCT oil, high-linoleic safflower oil (HL SFO)
showed limited solubility within the Vytaflex 40 rubber (a complete oil film formed around ¢,;; ~
0.2). However, good agreement was still observed for the VF40/HL SFO system (Fig. 3.4b). We
found Eq. (3.9) universally applied to many different elastomer/oil combinations, including PDMS
filled with silicone oil (Fig. 3.4c) and the polyurethane rubber Clearflex 50 (CF50) swollen with
diisodecyl adipate (DIDA, Fig. 3.4d). Note that in the case of CF50, the ice adhesion strength
of the dry elastomer was quite high (7;.. > 300 kPa). Therefore, icephobic elastomers may be
fabricated from highly non-icephobic base materials through the addition of a miscible oil, and the
effect of the oil is well captured by Eq. (3.9).
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Figure 3.4: Icephobic elastomers. The ice adhesion strength versus oil content is shown for four elas-
tomer/oil combinations. a, Vytaflex 40 filled with MCT oil. b, Vytaflex 40 filled with high-linoleic safflower
oil. ¢, PDMS filled with silicone oil. d, ClearFlex 50 filled with DIDA. For all these surfaces, the inputs to
Eq. (3.2) can be found by experimentally measuring p¢ and ¢,. The measured predictions using Eq. (3.2)
are shown as red squares in a-d.
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3.5.2 Icephobic linear polymers

The four systems discussed above were all based on chemically crosslinked rubbers filled with
various oils. Quite surprisingly, the applicability of Eq. (3.9) also extended to linear polymers.
Linear polymers owe their mechanical properties to crystallinity and the physical entanglement of
chains; there are no chemical crosslinks[88]. The mechanical properties can be highly affected by
plasticizing agents[97]. We studied the ice adhesion of two common, linear polymers, polyvinyl
chloride (PVC) and polystyrene (PS), plasticized with MCT oil or DIDA. Besides the lack of
chemical crosslinks, the key difference between the elastomeric rubbers studied above, and the
linear polymers studied here, was ¢7'**. Both MCT oil and DIDA dissolve PS and PVC, meaning

M~ oo for these two plasticizing agents.

When we evaluated the ice adhesion strength of PVC, plasticized with either MCT oil or DIDA,
good agreement was still observed with Eq. (3.9) (Fig. 3.5a). Even under the assumption that both
oils were infinitely soluble in PVC, making Eq. (3.10) valid, decent agreement was still found

between our model and the measured ice adhesion strengths (although Eq. (3.9) was still a better

max
oil

0.9 for both plasticizers. Accordingly, PVC plasticized with 85 wt% MCT oil displayed an ice

predictor). Allowing ¢}'* to vary as a free parameter, the best fit to Eq. (3.9) for PVC was ¢7/'* ~
adhesion strength of 7;.. = 5.2 & 2.7 kPa, although there was no observable free oil layer on the
surface of the coating, and the ice adhesion strength did not decrease over 10 icing/de-icing cycles.
The PVC/MCT system is particularly promising because, when 0.6 < ¢,; < 0.9, the coating is
predominantly composed of non-toxic, bio-renewable materials, the material is > 99% transparent
(Fig. 3.5b), the mechanical properties are highly tunable, and the observed ice adhesion strength
was always 7;.. < 25 kPa.

Dissimilar to PVC, PS’s mechanical properties were greatly altered by small amounts of plas-
ticizing agents. A mixture of PS + 25 wt% MCT oil or DIDA was a viscous liquid at room
temperature (7;.. ~ 0). In contrast, the ice adhesion strength for PVC + 50 wt% MCT oil was
Tice > 100 kPa, because the surface was a semi-rigid plastic. In spite of this difference, Eq. (3.9)
still accurately predicted the ice adhesion strength of plasticized PS (Fig. 3.5¢), along with other
linear polymers like ethyl cellulose and chlorinated natural rubber (Fig. 3.5d).

mazx
oil >

By normalizing the plasticizer content by a few trends became apparent. First, systems
with limited oil solubility followed nearly linear reductions in ice adhesion. At low values of ¢,;,
the crosslink density term in Eq. (3.9) is insignificant, and the reduction in 7;.. will be dominated
by the linear reduction in ¢ with increasing ¢,;;. This was observed for the CF50/DIDA, PS/MCT,
PS/DIDA and VF40/jojoba combinations. All such systems displayed ¢77** < 0.2. Second, be-
cause the reduction in 7, is highly predictable using Eq. (3.9), equally icephobic systems can be
designed such that ¢, is intentionally very small or very large. A small ¢,; would require minimal

operational changes from the production of the base material. A coating with a large ¢,;; could be
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environmentally friendly and easily processed, because a majority of the icephobic material could

be fabricated from low viscosity, natural oils.

a b
400 T T T T 100
--Eq (3.9
—Eq (3.10) o8
PVC/DIDA | — -
300 f * PngCT 138 Coated Glass \gld?
5 Sos | /| JVAL \IVEL M
< 200t 18
® =
) | BMD M B
100} ] : ' '
ML L Rl
oL 90
300 400 500 600 700 800
Wavelength (nm)
c d
500 — T T T T 1000 T . '
--Eq(3.9) @ ethyl cellulose
I m PS/DIDA 4 polystyrene
400 PS/MCT 1 800 ¢ m polyvinylchloride
4 chlorinated natural rubber
s 300+ ‘ . 18 600 |
< h <
8200} T s 8 400
100 | BN 1 200 |
AR f\\ * B °
0 b 0 e W ]
0 0.05 0.1 0.15 0.2 0 0.2 0.4 0.6 0.8 1

oil

Figure 3.5: Icephobic linear polymers. a, PVC plasticized with MCT oil or DIDA showed good agreement
with Eq. (3.9), and excellent icephobicity after ¢,;; > 0.5. b, all the icephobic, linear polymers discussed in
this work were > 98% transparent. Here we show the transmittance versus wavelength for PVC plasticized
with 50 wt% MCT oil. The inset shows an optical image of the same coating. ¢, PS became icephobic at very
low concentrations of plasticizer, but still fit the proposed theory extremely well. d, Excellent agreement
was observed between Eq. (3.9) and four polymers plasticized with MCT oil. The solid lines are Eq. (3.9).

3.5.3 Design principles for icephobicity

Designing icephobic elastomers requires knowledge of the inherent ice adhesion strength of the

no—oil

77207%"), and the maximum oil content that the elastomer can uptake (¢**). In

dry elastomer (7, e

Fig. 3.6a we construct a phase diagram for icephobic elastomers. An upper bound to the ice

adhesion strength reduction occurs when the oil is infinitely soluble within the elastomer. In this
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case, Eq. (3.10) describes the minimal possible reduction in 7;. for the elastomer filled with oil.
The red region of our phase diagram (Fig. 3.6a) encompasses ice adhesion strengths higher than
our model allows. Because the oil can only exist within the bulk of the elastomer, or on its surface,
ice adhesion strengths within this regime should never be observed, unless the adhesion of ice to
the oil is non-zero. In our previous work[54] we fabricated one such exceptional system: PS filled
with liquid, low molecular weight PS (1, = 200 g/mol, coatings AJ and AK in Table 2.1). Upon
evaluation of a pure film of this liquid (¢,; = 1.0), we observed 7;.. > 0. In all of our other
oil

systems we have never observed values of 77« in the red region of our icephobicity phase diagram.

If ¢ > @7, the elastomer’s oil capacity has been exceeded, and the surface is necessarily

oil

lubricated. Any lubricated system should exhibit an ice adhesion strength less than,

7__oil
ice — (1 _ maa:)5/3(1 — Oé). (311)

7_no—oz‘l oil
ice

This lower bound separates the interfacial slippage regime (green region) from the lubrication
regime (blue region) in our phase diagram (Fig. 3.6a). Recall, however, that the ice adhesion
strength of lubricated surfaces increases over time[54, 78], making Eq. (3.11) a predictor for
the ice adhesion strength that lubricated elastomers will exhibit once their lubricating layer has
been removed. Lubricated elastomers may therefore prove advantageous over lubricant-infused
surfaces[67, 3]. Lubricant-infused surfaces are based on textured solids for which ¢”'** =~ 0, and

oil

therefore 772" is very high[66, 98]. To illustrate this point, we fabricated lubricated elastomers

by over-filling (¢, > ¢7:*) the Vytaflex 40 rubber with four oils of varying miscibility (¢2!* =
0.07, 0.17, 0.29, or 0.51, for squalane oil, HO SFO, HL SFO, and MCT oil, respectively). All the
initial 7;.. values were within the predicted lubrication regime (open symbols, Fig. 3.6b). Upon
wiping the free oil layer from the surface of the lubricated elastomer, simulating a complete loss
of lubricant, we observed exceptional agreement with Eq. (3.11) and the subsequently measured
Tice Values of these four elastomer/oil combinations (closed symbols, Fig. 3.6b).

The ice adhesion strength of polymeric systems exhibiting interfacial slippage will always be
bounded by Eq. (3.10) and Eq. (3.11). Good agreement was found between these two limiting
equations and the ten different systems presented in this study (Fig. 3.6c). The ice adhesion
strengths of ten different icephobic formulations, ranging in base material, ¢,;, and fabrication
technique (see Sec. 3.4), are presented in Table 3.2.

As an example highlighting the usefulness of Fig. 3.6, consider some extremely durable elas-
tomer or polymer with 7,. = 300 kPa. This material is not icephobic. For some applications,
Tice < 30 kPa is necessary[54, 98, 75]. What oil, and how much oil, should be incorporated for
the icephobic coating to achieve this desired ice adhesion strength? According to Fig. 3.6, a re-

duction in ice adhesion strength to 0.1 necessitates that the coating is at least 47% oil. A coating

50



—Eq. (3.11)
® Squalane
m HO SFO ]
4 HL SFO

¢ MCT
Interfacial
| Slippage
(775”7'3)( 5
) 5/3
)/ ) (I"Q')
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
max max
¢oi| / ¢oi| ¢oi|
c d
1% . r 1.4 . . '
o ﬁig%gm Golovin et al. (2016)
1.2¢ < * Urata et al. (2015)
0.8F : X,F:ggﬁgﬁ’g,\ ’ o Wang et al. (2015)
= % CF50VF20/MCT | _ 1 ¢ Dou et al. (2014) ]
? »06F = PVC/DIDA 19 m Aizenberg et al. (2014)
8[\.:._) : v PVC/MCT 2 80.8¢ <« Zhu et al. (2013)
2 # PDMS/SO = 4 4 Zhuetal. (2013)*
— 204 % PS/DIDA 17,06}
5.2 » PS/MCT 3.8
| O FPU/HL SFO 0.4},
0.2t A : 1 L~ 1 <
S . ? 0.2 1 —
0 . . -. 7‘..,“7 . LNN‘\_;:
o 02 04 06 o08 1 9 O ' _

P Dol

Figure 3.6: Designing icephobic surfaces. a, a phase diagram for oil-filled materials. The regime of possible
durability, the green region containing surfaces utilizing interfacial slippage, is bounded by Eq. (3.10) and
Eq. (3.11). b, when Vytaflex 40 was lubricated with four oils of differing solubility, the initial 7;.. values
(open symbols) fell within the lubrication regime. Eq. (3.11) exactly predicted the value that the ice adhesion
strength increased to upon wiping away the free oil layer (closed symbols). c, for 10 different elastomer/oil
combinations, our measured reductions in 7;.. for surfaces that exhibited interfacial slippage were always
bounded by Eq. (3.10) and Eq. (3.11). EuO = eucalyptus oil. d, lubricated elastomers from prior studies
can initially achieve ultra-low reductions in 7;.., and the reported ;.. values correctly lay in the lubrication
region predicted by Eq. (3.11). The data from Zhu ef al. (2013), re-cast using the literature 7;., value for
PDMS, is denoted by an asterisk. For the data of Wang et al. (2015), only one ¢,; value was reported, so
all the surfaces have been placed at this value.
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Table 3.2: Ten different icephobic systems fabricated in this work.

Base Oil (g Goit Tice (kPa)
PDMS Silicone (1.0) 0.5 6.5£1.0
VF40 MCT (0.51) 04 4.9+1.8
VF40 HL SFO (0.3) 0.15 4.34+1.0
VE40 Eucalyptus (0.8) 0.5 114
CF50 DIDA (0.25) 0.2 5012
CF50VF20 MCT (0.36) 0.35 9.0+3.0
PVC DIDA (0.9)* 0.85 5.24+2.7
PVC MCT (0.86)* 0.75 16+5
PS DIDA (0.16)* 0.2 2746
PS MCT (0.16)* 0.2 24+8

“The ¢}'* values for plasticized PVC and PS were found using a best fit to Eq. (3.9) and do not
represent values obtained by swell tests.

comprised of less than 47% oil will not result in the required ice adhesion strength unless the sur-
face is fully lubricated. No more than 75% oil is necessary, because Eq. (3.10) dictates that an
even lower ice adhesion strength will be achieved for ¢,; > 0.75. Thus, an oil must be selected
where ¢7** > 0.47 and the amount of oil added should be 0.47 < ¢,; < 0.75. Should this
material instead be lubricated, for example with an oil for which ¢)}* = 0.2, the ice adhesion
strength will increase to 7;.. ~ 60 kPa once the oil is depleted, and the coating will become inef-
fective. PVC, a durable engineering plastic, displayed a non-plasticized ice adhesion strength of
rno=0il — 312 4+ 70 kPa. When plasticized with 60 wt% MCT oil, for which ¢"* = 0.9, the ice
adhesion strength reduced to 7;.. = 24 £ 4 kPa, and did not increase over 10 icing/de-icing cycles.
In contrast, CF50 (77~°" = 319 + 44 kPa) lubricated with MCT oil (for which ¢7:¢* = 0.07)
initially displayed 7;.. ~ 14 kPa. When the MCT oil was wiped away, the observed ice adhesion
strength increased to 7;.. ~ 150 kPa.

The above examples illustrate why engineering surfaces displaying 7,.. < 30 kPa without
lubrication has been challenging in the past. Almost all materials exhibit 7;.. > 200 kPa[56],
making the choice of oil and oil content necessarily precise. The above examples also illustrate
why several lubricated, icephobic systems have been reported[90, 77, 3, 78, 91, 75, 70], whereas
we have only recently observed ultra-low ice adhesion strengths without the use of lubrication[54].
In Fig. 3.6d we compile six previous studies on lubricated, icephobic elastomers. Almost all the
Tice Values for these lubricated systems fall into the region of lubrication predicted by our phase
diagram. Once the lubricants are removed, the ice adhesion strengths should increase to values
predicted by Eq. (3.11). Note that the 7;.. values for the surfaces created by Zhu et al.[70] fall

outside the allowable range predicted by our model, even though the surface was a mixture of
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PDMS and silicone oil, similar to surfaces in this work (Fig. 3.4c) and in references [77] and [91].
The ice adhesion of the unfilled PDMS in the work of Zhu et al. was reported to be 7;.. = 55 kPa,
much lower than the accepted literature value of 7;,.. = 250 — 300 kPa[54, 56, 69]. It is likely
that unreacted siloxane chains enabled interfacial slippage in their unfilled PDMS, a commonly
reported phenomenon([54, 81]. Recasting their data using the literature value for the ice adhesion

strength of PDMS placed their measured ;.. values correctly near the lubrication regime.

3.6 Conclusions

In this work we have modeled the mechanism of interfacial slippage that allows oil-filled elas-
tomers to exhibit remarkably low ice adhesion strengths. The addition of oil lowers the ice adhe-
sion in two ways: by lowering the effective crosslink density of the elastomer, and by making only
a fraction of the elastomer’s surface available to adhere to ice. Excellent agreement was observed
between our model, Eq. (3.9), and a wide range of elastomers and linear polymers filled with
various oils. Moreover, the use of Eq. (3.11) allows lubricated systems to be fabricated with full
knowledge of their expected ice adhesion strength once the lubricant becomes depleted. Overall,
our proposed model will allow for a wide range of icephobic materials to be fabricated from essen-
tially any chemistry and base components. Many of the formulations exemplified in this work may
find immediate usage for solving the ice accretion problem in a host of different sectors worldwide.
One caveat, however, is that lowering the ice adhesion strength of a given material only lowers the
required force to remove the accreted ice per unit area. Because ice adhesion scales with interfa-
cial area, the total force required to de-bond ice from large structures may be prohibitively high.
In the next chapter we address this issue, and develop a new method for repelling ice accretion on

large-scale surfaces.

33



CHAPTER 4

Designing Anti-Icing Surfaces Exhibiting Low

Interfacial Toughness with Ice

4.1 Introduction

The goal of this chapter is to understand and develop a new class of anti-icing materials based
on surfaces that exhibit low interfacial toughness (LIT) with ice. In contrast to what we have
previously termed as icephobic surfaces in Chapters 2 and 3 (i.e. surfaces with low ice adhesion
strength), the force required to detach ice from LIT materials can be independent of the interfacial
area. As part of this work, we will first investigate the interfacial toughness between ice and many
common engineering materials. We will then modify these materials to lower the toughness of their
interfaces with ice. Some of the materials fabricated in this work display an interfacial toughness
approaching the theoretical lower limit of 0.1 J/m? (purely van der Waals interactions)[99].

The accretion of ice significantly hinders many industrial and residential activities across the
globe[63, 100, 101, 102]. Airplane wings, wind turbine blades, automotive windshields, boat
hulls, and power lines are just a few examples of technologies that are routinely plagued by the
accumulation of unwanted ice[54]. The adhesive strength between ice and a given material, 7;.,
is typically defined as the shear force required to remove a unit area of adhered ice[72]. Since the
1950s[103], a single value of 7;.. has always been reported for a given material system. Recently,
a new class of materials, icephobic surfaces, have shown promise for their ability to significantly
lower 7;.., sometimes by several orders of magnitude[98, 100, 54, 56, 67, 77, 104]. However,
attempting to minimize 7;.. will always run into the same problem: the force required to overcome
the adhesive strength of the iced surface increases with the interfacial area[72, 56]. Therefore,
large areas will require prohibitively high detachment forces. Part of this work will disprove this
commonly held belief, and we will show that certain material systems may achieve virtually any
desired ice adhesion strength.

The field of interfacial fracture mechanics, developed outside the ice-adhesion community, has

focused on the role of interfacial toughness, rather than adhesive strength, as an important fracture
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parameter [61, 105]. In this work, we study materials that exhibit low interfacial toughness with
ice, such that the loss of adhesion is controlled by crack propagation at the ice interface, resulting
in a force to detach the ice that may be independent of the adhesive bond length[106, 61, 105].

Cohesive-zone models bring both the concepts of strength and toughness into models of adhe-
sion [107, 108, 109]. These models allow one to rationalize the behavior of interfaces as a function
of scale, to describe both icephobic surfaces, which display a constant 7;.., as well as LIT materi-
als, that display a constant detachment force, regardless of length. It will be noted that, for these
latter systems, the apparent ice adhesion strength decreases with the length of accreted ice, to the
point where it may become lower than 7;.. for icephobic systems. For large-scale applications, the
force required to remove an area of accreted ice can then be several orders of magnitude lower.
However, LIT materials have never been studied for de-icing applications, and before this work,
the interfacial toughness between ice and essentially all materials was unknown.

In Chapters 2 and 3 we fabricated icephobic surfaces with some of the lowest ;.. values ever
reported. Our model in Chapter 3 allows one to rationally design 7;.. for effectively any poly-
meric system. However, because icephobic materials are characterized by 7;.., a shear stress, an
increase in area necessitates a proportional increase in the applied force required to remove the
ice. Typically, the shear force experienced on iced materials does not scale with the area that is
iced. For example, the centripetal force experienced by a wind turbine blade scales with the length
of the blade, whereas the shear stress scales with the blade area[110]. As a further example, the
wind shear experienced by an airplane wing during takeoff does not scale with the size of the
wing, but instead with the speed of the plane[111]. Therefore, large-scale systems may require
a prohibitively high force to remove accreted ice, even from an icephobic surface. The wing of
a Boeing 747 has an area of 2,750 m? when viewed from above[112]. If this wing were coated
with an icephobic system exhibiting 7;.. = 1 kPa, the removal of ice would still require a force
of approximately 3 MN. Surfaces that require a constant force of ice detachment, irrespective of
area, would therefore be highly desirable. However, such surfaces have never been discussed in the
ice-adhesion literature. Here we show that such surfaces are a natural result of a full understanding
of the interfacial mechanics, and we perform a detailed study of these materials, with a focus on

how to design and fabricate surfaces for different applications and length scales.

4.1.1 Fracture mechanics of interfaces

The bonding across an interface is characterized by two physical properties: the strength (N/m?)
(maximum value of the bonding tractions), and the toughness (J/m?) (area under the traction-
displacement curve for an interface)[107, 113, 114]. For the interface between ice and a material,

we will refer to its interfacial adhesion strength, 7;.., and its interfacial toughness, [';... It is
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Figure 4.1: A schematic of the situation currently being investigated. In many of our experiments, L > w.

recognized that adhesion is typically a mixed-mode problem, involving both shear (mode-II) and
normal (mode-I) components. For the purposes of the current discussion, this issue will be ignored.
Whether strength or toughness controls the fracture of an interface depends on the scale of the
interface compared to what is known as the cohesive-length scale, ¢ = ET../72,, where E is
the effective modulus of the interface[108, 109]. If the bonded length is much bigger than &, the
toughness of the interface controls fracture. If the bonded length is much smaller than this quantity,
then the strength controls fracture. This concept can be illustrated by the following discussion:
Consider the block of ice shown in Fig. 4.1, with an interface that can be fractured. As we have
normally assumed in the previous two chapters, the required force (per unit width) to remove the

ice is,

F/w = Fyee = TiceL (4.1)

where w is the width of ice (normal to the direction of the force), and L is the length of ice (along
the axis of the applied load). The interfacial area is given by w L. From now on we shall consider
the two dimensional case, and we denote the force per unit width as Fle. Eq. 4.1 1s a strength-based
argument, and assumes any initial de-bond a (such as a crack or cavity) is such that a < L[105].
In contrast, consider an interface that fails by the propagation of a crack. A crack will advance
along an interface if the potential energy of the system decreases by an amount greater than the
increase in energy associated with the creation of new surfaces[114]. In this case, the force (per

unit width) required to de-bond the ice has been shown to follow[115],

Fie = VVETio L2 f(h/ L) (4.2)

where h is the thickness of the ice, and f is a function of geometry. Although the strength and
the toughness both control the fracture of an interface, the force required to detach the ice will
be given by the smaller value of Equations 4.1 and 4.2. For geometrically similar materials, this
leads to a dependence of apparent strength on size given by Fig. 4.2A. The adhesive bond of an

interface is controlled by strength for small structures until a critical length, L., is reached. Beyond
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Figure 4.2: a, the apparent shear strength of an interface as a function of its length. Before L., the interface
is controlled by strength and the apparent shear strength is constant. At lengths exceeding the critical length,
the shear stress decreases with an inverse square root dependence[10]. b, the force (per unit width) required
to fracture an interface increases linearly with length until L.. Beyond L., the interface fails by crack
propagation and the force required to propagate the crack is independent of length. Increasing the height
(thickness of ice) causes L. to increase, but the force still plateaus above some critical length.

L., toughness dominates the interfacial fracture and the apparent adhesive strength, which we will
denote by a superscript asterisk (75, ), will decrease as the length increases. In terms of the applied
load, the force required to detach ice at small interfacial lengths is proportional to the length of the
interface (Fig. 4.2B). Beyond L., fracture occurs solely by crack propagation, and the necessary
force of detachment becomes independent of the length of the adhered ice, ﬁ’fc?“e

Assuming the thickness of the adhered ice is small, the problem can be treated as a thin-film
geometry. Once the size of the crack grows to more than a few times the ice thickness, Eq. 4.2

may be simplified to[116, 10],

F ~ 1.4\ ET;..h. (4.3)

wce

Thus, for thin-film geometries, by equating Eq. 4.1 and Eq. 4.3, the critical length may be

Le~ 141/ ET;0ch /72, (4.4)

Below L., fracture of the interfacial bond is controlled by 7;.., and beyond L., it is controlled by

found by,

I';ce. This is consistent with experimental results that have been obtained for how the lap-shear
strength of a joint depends on bond length[115]. Whether one needs a low-strength material or a

low-toughness material, in order to optimize the de-icing properties of a system, depends on how
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the bond length compares to L..

4.2 Materials and methods

4.2.1 Materials and synthesis

Mold Max STROKE (Smooth-On Inc.) was mixed in a 10:1 base:crosslinker ratio, per manufacturer
instructions. 2 mL of toluene was added to 10 g of total material, and the mixture was vortexed
until homogeneous. The solution was then poured onto Al metal substrates measuring 6 x 22 x
0.08 cm. To fabricate a more icephobic system, the same procedure as above was followed but
with a 40 wt% silicone oil (100 cP, Sigma Aldrich) mixture of the Mold Max STROKE. Both these
systems were cured at room temperature over night. For visualization, Oil-Red-O dye (Alfa Aesar)
was added to the toluene (10 mg/mL) before mixing with the silicone rubber. To fabricate a much
thinner (¢ ~ 1 pm) sample, a solution of Mold Max STROKE and 40 wt% silicone oil was formed
in hexane at an overall concentration of 25 mg/mL. Note that the typical thickness of these coatings
without dilution is ~ 1 mm.

Icephobic PDMS was fabricated from Sylgard 184 (Dow Corning) in a 10:1 base:crosslinker
ratio, per manufacturer instructions. The mixture was vortexed until homogeneous, degassed to
remove bubbles, and poured onto the same size Al substrates as above. The sample was then cured
at 150 °C for 1 hour. For icephobic Sylgard 184, 25 wt% silicone oil (100 cP, Sigma Aldrich) was
used (similar to coating I from Table 2.1 in Chapter 2).

We also evaluated the interfacial properties between ice and many different engineering plas-
tics. All were purchased from McMaster at a thickness of 1.58 mm and included: ultra-high
molecular weight polyethylene (UHMWPE), low density polyethylene (LDPE), polypropylene
(PP), polycarbonate (PC), polystyrene (PS), polymethylmethacrylate (PMMA), glycol-modified
polyethylene terephthalate (PETG), nylon, acrylonitrile butadiene styrene (ABS), polyvinylchlo-
ride (PVC), chlorinated polyvinylchloride (CPVC), and polytetrafluoroethylene (PTFE).

To fabricate plasticized PVC, polyvinyl chloride (M, = 120,000, Scientific Polymer) was dis-
solved in a 60/40 vol% mixture of acetone and n-methyl pyrrolidone (Sigma Aldrich) at concen-
trations of 200 mg/mL, 100 mg/mL, 50 mg/mL, and 25 mg/mL. Once fully dissolved, MCT was
added to the solution at 50 wt%, and the system was homogenized using a vortexer at room tem-
perature. The solutions were then poured onto aluminum substrates. The coated Al samples were
placed on a 35 °C hotplate for 10 minutes to evaporate the acetone, and then a 70 °C hotplate over
night to remove the NMP. This resulted in coatings all exhibiting roughly 0,4, /0,ec = 92°/80°, but

with variable thickness, from about 1 gm to about 150 pm.
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4.2.2 Ice adhesion measurement

The measurement of 7, or Ece was conducted similarly to the procedure used in Sec. 2.2.4
of Chapter 2. However, two minor differences are worth noting. First, to observe a critical length
during ice adhesion testing, a larger Peltier plate system was required. The new Peltier plate system
used in this work measured 22 cm in length and 6 cm in width (Fig. 4.3). Second, to evaluate
different lengths of interfacial area in a relatively short amount of time, the entire substrate was
used for ice adhesion testing. For example, in Fig. 4.3 we show a typical test, where 11 different
pieces of ice are all frozen together. By always placing shorter length samples closer to the force
gauge arm, and therefore dislodging them before the longer length samples, we confirmed that the
measurements did not affect one another. In all experiments, the height and width of ice were fixed

at h = 0.6 cm and w = 1 cm, respectively.

4.2.3 Surface analysis

Advancing and receding contact angles were measured using a Ramé-Hart 200 F1 contact angle
goniometer. Scanning electron microscopy (SEM) was performed using a Phillips XL30 FEG.
Surface profilometry was performed using an Olympus LEXT interferometer with a step size of
1.25 pym and an overall scan area of 1.3 x 1.3 mm. Three different locations were averaged.
The root mean squared roughness, S,, was determined from the height-maps generated by the
microscope. The data was flattened and noise was removed before calculating S,. The thickness
of the samples was measured using either a micrometer (for samples where the coating could be

delaminated), or in cross-section using SEM. An average of six different locations was reported.

Figure 4.3: The modified setup capable of measuring specimens varying in length. Here 11 pieces of ice
(8 different lengths) were frozen to a Mold Max STROKE sample (dyed red for visualization).
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4.2.4 Statistical analysis

Error bars were obtained for each length of ice evaluated by testing a minimum of five points per
length. Dissimilar to the method used in Chapter 2, 7,.. is given by the slope of the Fice vs L curve
in the strength regime, i.e. Eq. 4.1. Often times it was ambiguous if lengths very close to L.
were within the strength regime (and should therefore be taken into the linear fit). For consistency,
lengths were included within the linear fit that minimized the overall error in the measurement of

Tice- The error in the ice adhesion strength, o, _, was found using[117],

1 1
O =[5 252 (4.5)

where o, is the standard deviation in the measurement of the force of detachment recorded at each

length of ice, and A is given by[117],

1 F? FrN\2
VYT (2 “

with F, being the mean force per unit width measured at each length L of ice.
L. was found from the intersection of the linear fit in the strength regime and the mean value
of F" in the toughness regime. Once the best fit for 7;.. was found using the method described

wce

above, F"

o was determined by averaging the recorded ﬁ’ice values for all L > L.. Error in the

intercept of the best fit line, o, , for 7;.. was found using[117],

/1 F?
0 = ZZE‘ (4.7)

Error in L. was then found in the following way. We assumed the value of Fﬁ:’; to be correct,
and perturbed 7;.. using o, and o,,. We computed the maximum and minimum deviations from
L. using Ypmae = (m — dm)x + b — §b and y,,i, = (m + 0m)x + b + b, where the best fit for 7;..
is given by the line y = ma + b, and the error in slope and intercept are 0m = o, and 6b = o,
respectively. L™ and L™ are found from the intersection of these deviated lines with Fer . We

wce*
then set the error in L as oy, = £(L7* + L"),
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4.3 Results and discussion

4.3.1 Ice adhesion of icephobic surfaces as a function of length

We initially measured F.,. for various lengths of ice on a number of different icephobic surfaces,
like the ones developed in Chapters 2 and 3. Results are presented in Figs. 4.4-4.7. Similar to Fig.
4.2 above, we plot both Fj and 7. against the length of the ice. For all the icephobic systems we
evaluated, F}. linearly increased with L up until our maximum experimental length of L = 20 cm.
Accordingly, 7;;, remained constant for each icephobic surface over this entire range of lengths.

As such, ice be-bonded from all these materials by adhesive strength (7}, = Tic).
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Figure 4.4: (left) The force per unit width to detach ice from a silicone rubber (Mold Max STROKE).
(right) The apparent ice adhesion strength of Mold Max STROKE. No critical length was observed, and
Tie = Tice = 28 £ 3 kPa.

The issue with icephobic surfaces became apparent in Fig. 4.7 especially. This system dis-
played 7;.. = 71 £ 1 kPa for 0.5 < L < 20 cm. However, the force required to de-bond the ice
at L = 20 cm was Fj,. = 128 + 18 N/cm. This extremely high force will eventually become
prohibitively high, either in practice or due to the cohesive failure of ice[118]. Indeed, as shown
in Fig. 4.6, the material Sylgard 184 (PDMS) displayed 7;.. = 117 + 23 kPa for . < 15 cm.
However, when we tried to measure 7;.. for L. = 20 cm, ice failed cohesively for the majority
of samples (i.e. the fracture surface was along an ice-ice interface, and a sheet of ice remained
adhered to the underlying surface after fracture).

The cohesive strength of ice has been measured previously as ;.. = 1 — 3 J/m?[118, 119,
120, 121, 122]. Substituting I';.. = 3 J/m? into Eq. 4.4 yields L, = 14.8 cm, for the Sylgard 184
material. As such, ice will not un-adhere from this material for lengths L > 14.8 cm, even though
T;ce = 100 kPa. This result clashes with over 60 years of ice adhesion studies, but is well explained

by our fracture mechanics analysis.
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Figure 4.5: (left) The force per unit width to detach ice from an icephobic silicone rubber (Mold Max
STROKE filled with 40 wt% silicone oil). (right) The apparent ice adhesion strength of this surface. No

critical length was observed, and 7%, = T = 5.3 £ 0.3 kPa.
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Figure 4.6: (left) The force per unit width to detach ice from PDMS (Sylgard 184). (right) The apparent
ice adhesion strength of Sylgard 184. No critical length was observed, and 7;.,, = Tjce = 117 & 23 kPa.
Note that after L = 15 cm, ice failed cohesively.
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Figure 4.7: (left) The force per unit width to detach ice from icephobic PDMS (Sylgard 184 + 25 wt%
silicone oil). (right) The apparent ice adhesion strength of this surface. No critical length was observed, and
T = Tice = 71 £ 7 kPa.

As a side note, we point out that using the slope of the force (per unit width) versus length plot
allows for a very accurate 7;.. to be measured. In Figs. 4.4-4.7 above, and especially in Figs. 4.8-
4.13 below, the accuracy of 7;.. for any single length is typically 25 — 50%. Using the best fit for
T;ce SUggested here greatly reduced this error. Moreover, a greater area of the sample is necessarily
sampled, making the result more representative of the entire surface. This is in stark contrast to

other ice adhesion setups, including the one used in Chapters 2 and 3[54].

4.3.2 Ice adhesion of engineering plastics

We also measured the adhesion of ice to common engineering plastics like PP, PS, and PE (Sec.
4.2). Dissimilar to icephobic systems, these materials displayed high 7;.. values (Figs. 4.8-4.13).
For example, for UHMWPE, ;.. = 221 £ 38 kPa (Fig. 4.8). For 1 cm? of ice, 7. is about 3x
greater than the icephobic Sylgard 184 + 25 wt% silicone oil surface (Fig. 4.7). However, for each
of these plastics, a critical length was observed (Table 4.1).

The length at which the force became independent of the length varied from L. = 2.5 cm, for
ABS, to L. = 9.3 cm, for PVC. From this asymptotic F;g; value, the interfacial toughness can be
calculated by[61], 5

Fie)?

Lice = ﬁ (4.8)
where F;.. is the elastic modulus of ice (= 8.5 GPa)[118]. I';.. for the polymers we evaluated
ranged from I';., = 0.5 J/m?, for UHMWPE, to I';.. = 5.1 J/m?, for PVC. However, as we did not
observe a critical length for some of our icephobic systems, we note the minimum possible value

for I';.. in Table 4.1 by substituting the force of detachment registered at L = 20 cm into Eq. 4.8.
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Figure 4.8: (left) The force per unit width required to detach ice from UHMWPE. (right) The apparent
ice adhesion strength of UHMWPE. After L. = 3.1 cm, the force becomes constant, and 7. begins to
decrease. At L = 20 cm, 7%, = 40 £ 8 kPa.
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Figure 4.9: (left) The force per unit width required to detach ice from LDPE. (right) The apparent ice
adhesion strength of LDPE. After L. = 4.6 cm, the force becomes constant, and 75, begins to decrease. At
L =20cm, 7}, = 57+ 13 kPa.

64



N
o
o

—PP - Exp. Data
T o L2 1

% ’ T* = 7—ice

(N/cm)
N
o
o

*

W
o
o

F
ice
—
(&)
o
Hil—

i

©
o
=
=
e
S)
C
= o
'O -—
= 100 + N
z H l 5 200
=} ' <
5 50l 4 m PP - Exp. Data @
Q /] F_ o« L c 100t
© [/] ice e
o — F %= 113 N/cm @
o /] ice %
w 0 . . . . < 0O . . . .
0 5 10 15 20 0 5 10 15 20
Length L (cm) Length L (cm)
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Figure 4.14: (left) The force per unit width required to detach ice from PMMA. (right) The apparent ice
adhesion strength of PMMA. After L. = 6.2 cm, the force becomes constant, and 7;;
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Table 4.1: The various interfacial properties measured between ice and 21 different surfaces. SO: silicone
oil. PM: PVC plasticized with 50 wt% MCT, drop-cast at differing solution concentrations to control the
final film thickness (see methods in Sec. 4.2).

Surface Sq (um) Orec/Ouady  Tice (kPa) L. (cm) chg (N/ecm)  Tiee (J/m?)
Mold Max STROKE 0.71 £0.11  113°/96° 28 +£3 > 20 > 55 >0.29
1T+ 40 wt% SO 0.59+0.24 115°/86° 5.3+0.3 > 20 > 16 > 0.02
T (t ~ 1 pum) 0.56 +£0.11  113°/96° 54+20 6.7+3.2 35+4 0.12+0.03
Sylgard 184 0.26 +0.10  120°/87° 117423 X > 175 > 2.44
T+ 25 wt% SO 0.19+0.15 112°/102° 55+ 11 > 20 > 128 > 1.60
UHMWPE 3.3+0.3 103°/76° 221 +38 3.14+0.8 70+ 8 0.48 £0.11
ABS 0.33+0.03  99°/59° 320£56 2.5+0.6 H+5 0.54 +£0.07
PTFE 24+0.1 123°£91° 2414+36 3.5+0.7 T7T+8 0.59 +0.12
CPVC 1.24+0.2 89°/72° 147+11 5.6=£0.5 85+6 0.70 £0.10
LDPE 0.73 108°/83°  238+27 4.6+£0.6 105+12 1.08£0.24
PP 0.29+0.13  104°/86° 3224+42 3.6+0.7 113+ 12 1.25 £ 0.27
PS 4.2 4+0.1 103"/64O 1514+£20 81+14 120 £ 17 1.41 +0.40
PETG 0.154+0.03 89°/62° 251+49 6.8+1.8 169 £+ 40 2.804+1.33
PMMA 0.16 & 0.04 780/52O 280+45 6.24+1.2 170 £ 22 2.83+0.72
Nylon 0.35+0.24  53°/15° 373+99 4.8+1.7 179+22  3.13£0.76
PC 0.10 £0.04 92°/69° 30220 6.5%+0.7 207 £ 22 4.19+£0.90
PVC 0.13 92°/63° 248 +52 9.3+2.2 229 +52  5.1242.33
PM (¢t = 139 pm) 0.10+0.02  92°/83° 70+4 > 20 > 150 >2.21
PM (¢t = 88 pm) 0.27 £0.07 95°/75° 84 4+10 13.9+1.9 103 £ 11 1.05+0.21
PM (t = 48 pum) 0.15+0.02  93°/82° 677 14.0+1.7 87+ 12 0.74 £ 0.20
PM (t = 2.4 pum) 0.40 +0.19 93°/81° 99 + 21 714+1.8 72+ 11 0.51+0.16
PM (t = 1.5 um) 1.54+0.3 97°/77° 128+ 75 3.3+3.9 46+ 5 0.20 +0.05
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It is important to note that icephobic surfaces, i.e. low 7;.. materials, do not necessarily exhibit low
[';ce. As we alluded to in Sec. 4.1.1 above, energy and strength are two independent parameters
that both control the fracture of interfaces.

Previously it has been shown that 7;.. o (1+cosf,...) (Eq. 1.9)[68, 56]. While we too observed
this trend for the twelve different plastics evaluated in Table 4.1, no apparent trend was found with
['.. and the 1 + cosf,.. parameter (Fig. 4.20). Whereas the solid surface energy correlated to
the work of adhesion, and therefore the adhesive strength with ice, it did not serve as a good
predictor for the interfacial toughness between a material and ice. Therefore, LIT materials need
not be fabricated from low surface energy components (a similar conclusion was reached for our

cavitating, icephobic rubbers fabricated in Chapter 2).
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Figure 4.20: (left) The ice adhesion strength of twelve different polymers, plotted against the 1 4 cosf;..
parameter. As has previously been shown, the more hydrophobic a surface, the lower the adhesive strength
with ice. (right) The interfacial toughness between ice and the same twelve polymers, plotted against the
same parameter. Unlike adhesive strength, interfacial toughness was independent of the work of adhesion.

LIT materials are useful for large interfacial areas in the following way. Consider two of the
materials tested above: UHMWPE and Sylgard 184 + 25 wt% silicone oil (Fig. 4.8 and Fig.
4.7, respectively). Although the icephobic PDMS displayed a ;.. about 3x less than the 7;.. of
UHMWPE, this only holds true until L = L. for UHWMPE (Fig. 4.21). After the critical length,
toughness controlled the fracture of ice from UHMWPE, and accordingly, 7;.. began to decrease.
At L = 12 cm, the force required to detach ice from the icephobic PDMS was actually greater
than the force required to detach it from UHMWPE. As the length increased, this effect became
more pronounced. At L = 20 cm, the apparent ice adhesion strength of UHMWPE, 777, i.e. the
measured force of detachment divided by the interfacial area, was almost half that of the icephobic
PDMS. This is highly counter intuitive. From the conventional way of thinking (7;.. = 7;;, for all
lengths), UHMWPE, and in fact any LIT material, can achieve any desired ice adhesion strength,
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simply by increasing L.
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Figure 4.21: The compiled fracture data for two materials, UHMWPE (4), and icephobic PDMS, Sylgard
184 + 25 wt% silicone oil (o). After L ~ 12 cm, less force was required to detach ice from the UHMWPE
than the icephobic PDMS.

These results highlight an important distinction for the ice adhesion community. Icephobic
surfaces should be defined by 7

*. and not 7;... For interfacial lengths less than &, the proper

materials to use are icephobic surfaces that exhibit extremely low 7%, = 7;.. These materials
fracture by adhesive strength, leading to low forces of detachment per adhesive area. However, for
adhesive lengths greater than &, i.e. large structures, LIT materials that exhibit low 77, should be
used, assuming L > L.. LIT materials also have the distinct advantage of being fabricated from
common, durable, engineering polymers. Achieving 7,.. < 10 kPa is difficult without using fairly
soft rubbers, filled with oils (Chapters 2 and 3). Achieving 7;;, < 10 kPa is relatively easy with LIT
materials, assuming a long adhesive length. For example, UHMWPE will exhibit 7, < 10 kPa

forany L > 70 cm.

4.3.3 Designing LIT materials

1/2 "and t is the thickness of the material. This

Recall Eq. 1.10 from Chapter 1, where ;.. o< t~
inverse dependence necessitates that 7;.. will increase as the thickness of the film decreases. This
trend has been verified previously[69]. What, effect, if any, does changing the thickness have on
Lice?

To understand the effect of thickness on I';.., we evaluated our icephobic PVC, plasticized with
MCT oil (see Fig. 3.5a), at thicknesses ranging from ¢t ~ 1 ym to t ~ 150 yum. At a thickness

of t = 139 £ 22 pm, the force of detachment linearly increased with the length of interfacial
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Figure 4.22: For five different thicknesses of PVC plasticized with 50 wt% MCT oil, the force to detach
ice versus the length of interfacial area. Note that, for the thickest sample, a critical length was not observed.
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Figure 4.23: (left) I';. for five different thicknesses of PVC plasticized with 50 wt% MCT oil. (right)
The ice adhesion strength of the same five samples follows the inverse square root dependence predicted for
failure by cavitation (Eq. 1.10).

area (i.e. fracture was controlled by adhesive strength). However, decreasing the thickness caused
ch’; to also decrease, indicating that I';.. decreased with decreasing thickness (Fig. 4.22). For
the plasticized PVC surface with ¢t = 1.5 £ 0.5 um, I';,. = 0.20 & 0.05 J/m?. After a length of
L =~ 6 cm, the force necessary to dislodge ice from the thinnest plasticized PVC was less than
the force required for the thickest plasticized PVC, even though the ice adhesion strength scales
as Ty o t~/2 (Fig. 4.23). A similar trend was observed for the icephobic Mold Max STROKE
surface (Table 4.1).

To verify the length-independence of chz for surfaces whose fracture is controlled by tough-
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Figure 4.24: The force of detachment versus the interfacial length for two LIT materials. We evaluated the
force of detachment at a length of L = 100 cm, and observed no increase in the required force of detachment.
The apparent ice adhesion strength at this length was 10x lower than 7;.. for both the materials.

ness, we fabricated meter-long specimens of our two surfaces with the lowest I';.. values: thin PVC
plasticized with MCT oil, and thin Mold Max STROKE filled with silicone oil (see methods in Sec.
4.2). We then moved our ice adhesion setup into a walk-in freezer held at -20 °C. Even over an ad-
hesive length of L = 100 cm, the required force of detachment was not increased (Fig. 4.24). The
apparent ice adhesion strength for these two surfaces was 7;;,, = 7+3 kPa, and 7;,, = 4.7£0.8 kPa,
for the plasticized PVC and filled Mold Max STROKE surfaces, respectively. In fact, some of our
individual F}.. measurements at L. = 100 cm were lower than values at I = 2 c¢m, for the plas-
ticized PVC surface (i.e. on occasion, we observed a greater required force to detach ice from an
area 50x smaller). This unambiguously confirmed that the fracture of ice from LIT materials is

indeed independent of adhesive length, when the fracture is controlled by interfacial toughness.

4.4 Conclusions

In this chapter we investigated the never-before measured property of interfacial toughness, be-
tween ice and a wide variety of different surfaces. Whereas icephobic materials are useful for
short interfacial areas, when fracture is controlled by adhesive strength, LIT materials are useful
for longer interfacial areas, for which toughness dominates the fracture. We showed that LIT ma-
terials can exhibit any desired ice adhesion strength, and that the ice adhesion community should
investigate interfacial toughness as a new material property for low ice adhesion applications, es-

pecially those where the length scale is significantly larger than &.
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CHAPTER 5

Hysteresis Free Surfaces: Design and Application

5.1 Introduction

Fouling, in its most general sense, involves a foreign contaminant adsorbing to a surface and mit-
igating some property[32]. Fouling is a ubiquitous hindrance, including the bio-fouling of marine
vessels[123], the staining of teeth[124], the adhesion of dirt to apparel[ 125], the accretion of ice on
power lines[98], and the adsorption of contaminants to water purification membranes[44]. Fouling
can be subdivided into two categories: the unwanted adsorption of liquids, or the unwanted adhe-
sion of solids. Many liquid-repellent materials have been fabricated, including superhydrophobic[126,
127, 32, 128, 129], superamphiphobic[130, 131, 26, 132, 133], omniphobic[19, 134, 135, 136, 39]
and superomniphobic surfaces[137, 138, 42, 38]. Similarly, several surfaces have been fabricated
to resist the adhesion of solids, including lubricated systems[3, 75, 67, 64, 139], soft rubbers[62,
54, 140, 104, 69], omniphobic surfaces[56, 57, 68, 39, 19] and hygroscopic polymers[141, 142,
75, 68, 143]. Some overlap exists[136, 56, 19, 3], but in general there are no reported materials
that can universally resist a broad range of both solid and liquid contaminants. In this work we
present a facile method for fabricating fluorine-free coatings capable of both drastically lowering
the adhesion of solids, including ice, wax, superglue and mud, and perfectly repelling essentially
all liquids, from water to oils to alcohols and even ultra-low surface tension liquids like fluorinated

solvents.

5.1.1 Imparting low liquid adhesion

As we delineated in Chapter 1, two metrics exist for characterizing the liquid repellency of a given
surface: #* and Af. To achieve both high #* and low A#, sufficient texture leading to the Cassie-
Baxter state (Fig. 1.2b) is necessary[32, 2]. Such surfaces can ideally exhibit close to 6%, /6%, ~

180°/180°[144]. However, typically these ultra-high contact angles are not maintained with low

surface tension liquids without highly controlled, re-entrant texture[26, 41, 145]. Moreover, the
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mechanical durability of such texture elements is typically very poor[38, 146]. And once damaged,

*
rec

a superomniphobic surface will exhibit Af > 0° (and typically 6", = 0°) with low-~.y liquids.

Even without mechanical damage, low-v,y liquids easily transition from the Cassie-Baxter
state to the Wenzel state on superomniphobic surfaces[38]. For low-vzy liquids, the Cassie-
Baxter state is metastable and the Wenzel state is always energetically preferred[26]. Pressure
perturbations[41], droplet impact[137], flow[147], and evaporation[148] can all cause low-~,y, lig-
uids to wet superomniphobic surfaces. As such, their efficacy as a long term solution for repelling
all liquids may be limited. Note that many of the above issues also limit the solid repellency of
these highly textured surfaces. Once wetted, the high interfacial area from the texture (r = 74)
may lead to extremely high values of adhesion[73, 66, 149].

One way of overcoming the above issues is to generate smooth surfaces that still maintain
A0 = 0°, but without the ultra-high 6* values. Smooth films are necessarily in the Wenzel state,
and therefore do not suffer from pressure instability[1]. Moreover, no texture elements exist that
can be easily mechanically damaged. In principle, a homogeneous material displays 6y without
Af. In practice, fabricating surfaces displaying Af < 10° with water is difficult, and low-~.y
liquids wet almost all known materials (6,... = 0°)[26].

Contact angle hysteresis is a product of many different sources, all arising from solid-liquid-
vapor interactions in very close proximity to the three-phase contact line[150]. From a surface
design standpoint, the two largest sources of Af that can be reduced are physical and chemical
heterogeneity[23] (the condition of the vapor phase and the nature of the probe liquid cannot be
controlled by interfacial engineering). Physical heterogeneity, or surface roughness, can usually be
minimized through mechanical methods like polishing[151]. Chemical homogeneity, in contrast,
1s much more difficult to achieve[136].

Recall Fig. 2.8 from Chapter 2. There we evaluated the ice adhesion strength of a silicon
wafer treated with two different monolayers: a highly perfluorinated system and a PDMS-based
system. Whereas the perfluorinated monolayer forms a densely packed, crystalline structure, the
PDMS monolayer remains amorphous and liquid-like[39]. Consequently, the PDMS monolayer
exhibited interfacial slippage whereas the perfluoinated monolayer did not. The following work
further explores the properties of these liquid-like monolayers, in terms of both their low adhesion
to solids, and their absence of contact angle hysteresis with essentially all liquids (omniphobicity,
see Table 1.3).
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5.2 Materials and methods

5.2.1 Materials

Silicon wafers (University Wafers, 500 pym thickness, 1.5 nm native oxidel layer, < 100 >
orientation) were used as received. Chlorine terminated PDMS (n =2,3,4,6, and 30-50) was
purchased from Gelest. As the silane is bi-functional, we refer to the bidentate attachment of
these small molecules as b-PDMS. Heptadecafluoro tetrahydrodecyl dimethyl monochlorosilane
(F17 silane) was purchased from Gelest. Ethanol, hexadecane, dodecane, decane, octane, hex-
ane, and perfluorodecalin were purchased from Fisher Scientific and used without further pu-
rification. Diidomethane, formamide, methoxyperfluorobutane (Sigma Aldrich), hexafluoroben-
zene (Syquest), Krytox GPL 100 (Dupont), pentafluorobutane (Alfa Aesar), ortho-fluorotoluene,
trimethylchlorosilane, and 4-chlorobenzotrifluoride (Acros Organics) were used as received. SF-
100 superglue (3M), calcined gypsum (commonly called plaster of paris, Sheetrock Easy Sand
5), PDMS (Sylgard 184, Dow Corning), and paraffin wax (Sigma Aldrich) were used for solid

adhesion studies.

5.2.2 Synthesis

Pieces of Si wafer roughly 1 cm? were placed in a 3 cm closed petri dish along with 200 uL of
the desired b-PDMS silane. Although various reaction times, temperatures, and pressures were
experimented with, the optimized reaction involved a room temperature silanization for 10 min-
utes. After exposure, the wafers were rinsed in toluene and 2-propanol (Fisher Scientific). The
silanization and washing step was then repeated three additional times.

A perfluorinated monolayer was prepared for comparative purposes. First, the Si wafers were
cleaned with O, plasma using a Harrick Plasma PDC-001 with an RF source power of 30 Watts
and a pressure of ~ 200 mTorr for 15 min. Note that we found plasma cleaning did not help for the
b-PDMS silanization, and thus this was not done for any of the PDMS monolayers formed. The
plasma-cleaned wafer was then exposed to vapors of the F17 silane at 100 °C in a vacuum oven
for 24 hours.

Oxygen plasma is known to turn PDMS into silica[81]. To evaluate the reproducability of our
b-PDMS silanization technique on a single surface, a b-PDMS wafer was oxygen plasma treated

for 15 minutes following the same procedure as above.
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5.2.3 Capping procedure

1,3-dichlorotetramethyldisiloxane, due to steric hindrance, can react with at most ~ 1/3 of a com-
pletely hydrlized silicon substrate[12]. As such, a procedure was developed to further react the
remaining hydroxyls still present on the Si wafer. Note that the above reason was why oxygen
plasma was not necessary for the b-PDMS silanization: as only one third of the total surface
hydroxyls may be reacted with, a dense monolayer of -OH groups was not necessary. A b-PDMS-
treated wafer was placed in a closed container with 200 L of trimethylchlorosilane for 1 hour.
The sample was then washed with toluene and 2-propanol. We refer to this procedure as ’cap-
ping’. Capped samples (Cb-PDMS) typically displayed a roughly 5° increase in 8y with water,
and A6 was either unchanged or slightly improved. A schematic of the proposed mechanism for

attachment is shown in Fig. 5.1.
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Figure 5.1: The proposed mechanism for the bidentate attachment of 1,3-dichlorotetramethyldisiloxane. a,
a Si wafer with surface hydroxyls is exposed to the vapor of the silane. b, the silane reacts with the hydroxIs,
but with a maximum surface coverage of only =~ 1/3. Hydrochloric acid is given off as a reaction product.
The final surface can be quite hydrophobic (0,4, /0rec =~ 104°), but surface hydroxyls still remain. c, the
reacted wafer is subsequently exposed to vapors of trimethylchlorosilane, to react with the remaining surface
hydroxyls. d, the capped wafer, where most of the hydroxyls are now converted to fully methylated Si atoms.
The cb-PDMS exhibited contact angles approaching the values observed for close-packed monolayers of
trimethyl groups (fy = 110°)[11]. Note that we show the likely case where complete reaction is not
achieved, due to steric hindrance[12].

5.2.4 Thickness determination

Variable-angle spectroscopic ellipsometry using an M-2000 Ellipsometer (J. A. Woollam Co.) was
performed to measure monolayer thickness. The measurements were performed in reflection mode
using incidence angles of 55°, 60°, 65°, 70°, and 75°. The data was fit using the CompleteEASE
software. The optical constants of the silicon and oxide were taken from values within the program.
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5.2.5 Contact angle measurement

Contact angles were measured using a Ramé-Hart 200-F1 goniometer. Measurements were made
by advancing and receding a single droplet of liquid (=6 pL) from a 2 mL micrometer syringe
(Gilmont). Averages from at least five independent measurements were reported. When measuring
contact angles for Krytox 100 and silicone oil, the droplet is very slowly advanced and receded to

minimize viscosity effects.

5.2.6 Solid adhesion measurement

Ice adhesion was measured using the techniques already reported in Chapters 2-4 (Fig. 4.3). To
measure the adhesion of SF-100, plaster of paris (PoP), paraffin wax (PW), or PDMS, the same
force gauge setup was employed. For PoP, gypsum was mixed in a 1 g/mL DI water solution for
5 minutes and then poured into the 1 cm?® cuvettes as used previously. The PoP was allowed to
harden over night. PW was heated to 100 °C and then poured into the cuvettes and allowed to
cool to room temperature. Sylgard 184 was mixed in the normal 10:1 base:crosslinker ratio, and
then cured on a 150 °C hotplate for 1 hour. SF-100 adhesion was evaluated by jamming a 1 cm?
plastic cube into the cuvette so that a recessed area of ~ 1 mm in height was exposed. SF-100
was poured into this area, and then the cuvette was placed atop the surface to be evaluated. This
procedure was necessary because, unlike the other solid adherents, SF-100 does not cure into a
mechanically rubust solid mass. Using a thin layer of the adhesive allowed us to still evaluate
the adhesive properties on our current setup. All reported values are the average of at least five

independent measurements.

5.2.7 Micro-hoodoo fabrication and treatment

A 3 pm thick layer of photoresist (SPR 220-3.0, Shipley) was spin-coated on a Si wafer and
baked for 90 sec at 115 °C. The lateral dimensions (Diameter : 10 pm, Spacing : 40 pum) were
defined by 365 nm UV exposure (Karl Suss MA6 mask aligner) and then developed in AZ300
MIF. Inductively coupled plasma reactive-ion etching (ICP-RIE, STS Pegasus) formed ~ 30 ym
height pillars in the exposed regions, and the prepared structure was cleaned in O plasma for 5
min. The prepared structure was further etched with XeF; etching (Xactix, 3 mT, 40 sec per cycle,
30 cycles), and the process provided a well defined hoodoo structure all over the patterned surface
(Fig. 5.2).
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Figure 5.2: a, the micro-hoodoo structures fabricated in this work

5.3 Results and discussion

5.3.1 Low hysteresis surfaces

We found that 1,3-dichlorotetramethyldisiloxane (n = 2) was optimal for producing low A# sur-
faces in a very simple manner (Sec. 5.2). By increasing the reaction time (30 seconds to 1 hour),
the thickness of the b-PDMS layer increased. Complete surface coverage, indicated by a minimum
in Af, was achieved after 10 minutes of silane vapor exposure, when the monolayer thickness
reached ~ 4 nm (Fig. 5.3a). Monolayers thinner than 4 nm left hydroxyl groups exposed, de-
creasing 6,... After the optimal 10 minute exposure, the PDMS-silane can still potentially react
with individual surface hydroxyls, but the bidentate attachment is sterically hindered (see reaction
scheme in Fig. 5.1b). As such, any additional attachment will either result in a dangling chlorine
atom, which can react with water vapor and leave a residual silanol group, or cause the PDMS-
silane to self-polymerize, adding nanoscopic roughness. We observed that thicknesses greater than
4 nm exhibited both an increased 6,4, and a decreased 0,..., indicating that self-polymerization was
indeed taking place (neither thickness, nor 6,4,, would increase from residual silanols alone). The
optimal reaction time of 10 minutes at room temperature produced b-PDMS surfaces with minimal
A6.

To ensure that the overall thickness of the b-PDMS monolayer was not contributing to the
increased Af, we exposed our optimal b-PDMS surface (thickness: 4 nm, Af = 2°) to oxygen
plasma (Sec. 5.2). After 15 minutes of exposure, the surface was completely wetting to water,
as all the methyls had been converted to silanol groups[81]. Exposing this plasma-treated surface
to the same optimized silanization procedure described above yielded a new, low-A# surface, but
now with increased thickness (Fig. 5.3b). Repeating this procedure 10x allowed us to grow a
15 nm thick b-PDMS film still exhibiting Af = 2°. We therefore conclude that thickness in of
itself does not increase Af, but non-bidentate polymerization of the PDMS silane does increase
thickness and A6.
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Figure 5.3: a, the advancing and receding water contact angles on the b-PDMS surface as a function of
thickness. Here the thickness was controlled by the exposure time to the silane (ranging from 30 seconds
to 1 hour). Complete surface coverage was achieved around a thickness of 4 nm. b, exposing the b-PDMS
surface to O2 plasma and subsequently re-silanizing the surface yielded a new surface with identical A0 as
before oxygen plasma treatment. However, the thickness was increased, and this could be repeated for at
least ten subsequent exposures.

5.3.2 Capping residual hydroxyls

1,3-dichlorotetramethyldisiloxane can only react with one third of a completely hydrolyzed silicon
wafer[12]. Thus, although we stated that our 4 nm thick b-PDMS surface achieved full surface
coverage, we do not imply that it has fully reacted with all the available surface hydroxyls. In-
deed, this is why an increase in Af was observed with increased thickness of the monolayer (Fig.
5.3a). To remove these potential pinning points, we capped the remaining hydroxyl groups with
trimethylchlorosilane (Fig. 5.1c,d). We refer to the capped bidentate PDMS silanized surface as
cb-PDMS. Whereas the b-PDMS surface exhibited 6y ~ 104° with water, the cb-PDMS exhibited
0y =~ 109° (Table 5.1). This roughly 5° increase in 6y approached the intrinsic contact angle of a
purely methylated surface, 0y = 110°[11].

We measured advancing and receding contact angles for a wide range of probe liquids on both
the b-PDMS and cb-PDMS surfaces (Table 5.1). For comparison, we also fabricated a perfluori-
nated monolayer (F17) that exhibited 0,4,/0,. = 122°/108° with water (see Sec. 5.2 for meth-
ods). As expected, the perfluorinated film exhibited larger contact angles than the PDMS-based
surfaces, as the surface energy of perfluorinated systems (ysy ~ 10 mN/m) is lower than PDMS
(7sv =~ 20 mN/m). However, as the F17 monolayer is highly crystalline, surface defects can act as
potential pinning points, even if vgy is still quite low. For every single probe liquid evaluated, A#
for the F17 surface was significantly higher than with either the b-PDMS or the cb-PDMS mono-
layers. Whereas the typical A6 for the F17 surface was Af = 10°, for the b-PDMS and cb-PDMS,
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Table 5.1: 6,4, /0. for the F17 functionalized surface, the b-PDMS surface, and the cb-PDMS surface.

Liquid vy (mN/m) F17 b-PDMS  cb-PDMS
Water 72 122°/108° 105°/103°  109°/108°
Hexadecane 28 75°/60° 36°/35° 36°/35.5°
Ethanol 22 64°/43° 26°/25° 32°/31.5°
o-fluorotoluene 28 68°/52° 28°/26.5°  27.5°/27°
p-chlorobenzotrifluoride 24 61°/43° 25°/24° 25°/24°
Hexafluorobenzene 21 41°/35° 20°/18.5° 21°/21°
Perfluorodecalin 19 27°/23° 28°/27° 35°/34°
Krytox 100 16 23°/11° 32°/30° 32.5°/31.5°
AK-225 16 27°/17° 11°/10° 13°/12°
Pentafluorobutane 15 17°/0° 10°/10° 14.5°/14°
Vertrel XF 14 8°/0° 9°/9° 12°/12°
Methoxyperfluorobutane 13 12°/0° 10°/10° 14.5°/14°

typical contact angle hysteresis was always Af < 1°.

5.3.3 Fluorophobic surfaces

We also measured contact angles for a large number of fluorinated solvents, ranging in surface
tension from 13 < vy < 28 mN/m (Table 5.1). Whereas larger advancing and receding contact
angles for high-v.y liquids were always observed on the F17 surface, this did not hold for the
fluorinated liquids. Fluorine-fluorine interactions are known to play a large role in the solvation of
fluorinated species[96]. This was most likely the reason why several of the liquids did not recede
from the perfluorinated monolayer. Moreover, for perfluorodecaline and Krytox 100 (a short-chain
perfluoropolyether[19]), we actually observed higher contact angles with the PDMS-based systems
(indicating very strong F-F interactions).

Quite remarkably, we observed both a non-zero 6,.. value, and extremely low A#, for liquids
with lower surface tension than the solid surface energy of PDMS[96]. This is highly counter-
intuitive, as Zisman has shown[152] that the surface energy of a polymer is roughly equal to the
surface tension of a liquid that displays 6 ~ 0° on the surface. From a traditional Zisman analysis
(Fig. 5.4), the surface energy of the b-PDMS film was vsy = 20 mN/m, using receding contact
angle values and not including fluorinated liquids. Adding the fluorinated liquids to the Zisman
analysis merely produced large scatter near and below the surface energy of bulk PDMS.

The glass transition temperature of PDMS is 150 Kelvin (-123 °C)[88]. At room temperature,
PDMS exists as a liquid and fully dissolves in non-polar liquids like toluene and hexadecane. In
its crosslinked state, solid PDMS swells in such liquids (by an amount given by Eq. 3.3), and
displays 6,.. = 0°[81]. Why, then, does the b-PDMS monolayer repel hexadecane with 0y = 36°
and Af < 1° (Table 5.1)? Two theories have been put forward. Cheng et al. have suggested that
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Figure 5.4: (left) A traditional Zisman plot for the b-PDMS surface. Fluorinated liquids are not included
in the analysis. The critical surface tension is vy = 20 mN/m. (right) the Zisman plot with fluorinated
liquids included. Contrary to a typical Zisman analysis, liquids with surface tension less than the critical
surface tension do not exhibit § = 0°.

the monolayers do swell in such compatible liquids, and observed decreasing Af with increasing
solvation of the PDMS chains[153]. They suggest that the effect only works with liquids that
dissolve PDMS chains. However, in Table 5.1, only hexadecane and AK-225 dissolve bulk PDMS.
All the other liquids are immiscible with PDMS, but still display Af ~ 1°. Thus, the swelling
of the PDMS monolayers seems unlikely. Ellipsometry measurements of the b-PDMS film, after
soaking in 5 ¢St silicone oil (which perfectly wets the monolayer), did not yield a thickness change
(i.e. even with a non-evaporating liquid that perfects wets the b-PDMS, swelling was not observed).

Contrary to the theory put forth by Cheng et al., Wang and McCarthy[39] have suggested that
the liquid-like nature of PDMS simply reduces solid/liquid interactions, and therefore receding
events, near the contact line. McCarthy has previously shown that even molecular topography
can contribute to contact angle hysteresis[154]. By creating a mobile interface, the liquid can
effortlessly dewet the solid surface. And if the surface is molecularly smooth, very low A# can be
achieved.

One recently proposed system for achieving low A6 is to imbibe a lubricant into a highly
textured surface[19]. If the lubricant is perfluorinated, a wide range of liquids, both of high and
moderately low surface tension, can be repelled with Af ~ 2°. However, such systems cannot
repel fluorinated liquids, as the lubricant easily dissolves in these solvents. Moreover, as the flu-
orinated liquid can remove the lubricant, the liquid repellency of the lubricated systems will be
lost, even for high-vy,y liquids like water. The b-PDMS and cb-PDMS surfaces can become fully
wetted by a small number of liquids (silicone oil, hexane, and pentane). However, dissimilar to

lubricated systems, exposure to such wetting liquids does not remove the liquid repellency of the
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surface. The bidentate attachment formed strong, covalent bonds between the PDMS chains and
the surface, and the low Af was always fully recovered upon drying.

To highlight the significant advantage of the cb-PDMS surfaces over a lubricated system, we
placed 10 pL droplets of Krytox 100 on our cb-PDMS surface at a tilt angle of 0.5° (Fig. 5.5).
This is the same lubricant employed by omniphobic, lubricated systems[19]. Rather than being
completely wet by such a liquid, the cb-PDMS surfaces repelled the lubricant with relatively high
contact angle (fy ~ 32°) and Af = 1°. The lubricant easily dewet and slid from the cb-PDMS

surface without leaving a residual trail.

Figure 5.5: A droplet of Krytox 100 (a perfluoropolyether lubricant, vy, = 16 mN/m) was placed on
the cb-PDMS surface at a tilt angle of 0.5°. The droplet easily slid from the surface, displaying negligible
hysteresis, and did not leave a wetting trail.

5.3.4 Durability characterization

To ensure that the monolayer was not easily damaged, we subjected the cb-PDMS coating to 5,000
cycles of linear Taber abrasion using the CS-5 wheel-set (resilient felt) and a 250 g load. The
advancing and receding contact angles after abrasion, for both water and hexadecane, are shown
in Fig. 5.6. The contact angles deviated from their initial values by at most 1°. Dissimilar to
our durable icephobic surfaces from Chapter 2, the coating did not lose mass during the abrasion

process. As the thickness was only 4 nm, any surface degradation would result in a catastrophic
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contact angle decrease, especially for the receding angle of hexadecane. This was not observed,

indicating that this level of abrasion did not damage the coating at all.
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Figure 5.6: Advancing and receding contact angles for both water and hexadecane on the cb-PDMS surface,
as a function of the number of linear Taber abrasion cycles. No degradation of either 6 or Af was observed.

5.3.5 Fluorine-free superomniphobic surfaces

The only other reported method for repelling fluorinated liquids is by using so-called doubly-re-
entrant texture[155]. This texture can be thought of as having a negative texture angle (¢), and
was predicted to show increased robustness to low-7y liquids about a decade ago[26]. However,
such texture can only be micro-fabricated in a clean room, and these surface still suffer from all the
problems of maintaining the Cassie-Baxter state, as discussed in Chapter 1. Still, to further show
the utility of the b-PDMS and cb-PDMS films, we fabricated micro-hoodoos using traditional
lithography techniques (Fig. 5.2). After treating such a texture with our cb-PDMS monolayer,
the resultant surface was superomniphobic and could also repel fluorinated liquids, even without
the doubly-re-entrant geometry (Fig. 5.7). For example, droplets of perfluorodecalin displayed

0% ,./0%.. = 165°/111°, and rolled from the surface without transitioning to the Wenzel state. Note
that Af* on these hoodoos was much greater than A# on the smooth, chemically identical coun-
terpart. Thus, unless high 6* is required, smooth omniphobic surfaces may prove advantageous
over their high contact angle, superomniphobic counterparts. Note that, on F17-treated hoodoos,

"/ 0. = 163°/141° with water, and 67, /0*,. = 166°/123° with hexadecane. However, both
Krytox 100 and perfluorodecalin completely wet the texture, i.e. 0%, /0%, . = 0°/0°.

rec

rec
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Figure 5.7: Droplets of four different liquids (water; HD: hexadecane; Krytox 103; PFD: perfluorodecalin)
atop our cb-PDMS-treated micro-hoodoos. Static droplets from goniometric analysis are shown in the top
of the figure, and an optical image of the droplets in shown in the bottom. The water and hexadecane were
dyed for visualization. For water, 6%, /07,. = 163°/134°. For hexadecane, 0", /0, = 168°/115°. For
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PFD, 0%, /6;.. = 165°/111°. Viscous effects prevented accurate dynamic contact angle measurements of

Krytox 103.

5.3.6 Liquid-like characterization of monolayers

To better characterize the liquid-like nature of our b-PDMS monolayers, we evaluated ice adhe-
sion strengths using the same setup and methodology as Chapters 2-4. However, we explored the
viscous nature of our b-PDMS monolayers by stepping through four orders of magnitude in shear
rate. Typical ice adhesion testing in all previous chapters was conducted at a force gauge speed of
74 pm/s. Here we measured ice adhesion using speeds between 4 pm/s and 2 mm/s (Fig. 5.8a).
Because of the large viscous component of our b-PDMS monolayers, a strong dependence on the
shear rate, 5, was observed. We convert from speed to 7 using 4 = v/h, where v is the speed and
we assume a monolayer thickness of h = 4 nm[45].

PDMS, as a bulk polymer, is a shear thinning liquid at room temperature[88]. Shear thinning
liquids are known to follow a power-law dependence over a certain range of shear rates, leading
to,

T=KA3" (5.1)

where 7 is the shear stress, K is the consistency index, and n is the power law index[156]. A
Newtonian fluid exhibits n = 1 and shear thinning fluids exhibit 0 < n < 1. K and n may be
found by re-plotting 7 against ¥ in logarithmic space (Fig. 5.8b). We found K = 186 Pa and
n = 0.58 for the b-PDMS monolayer, and K = 187 Pa and n = 0.51 for the cb-PDMS monolayer.
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Figure 5.8: (left) The measured ice adhesion shear strength as a function of shear rate, for the b-PDMS and
cb-PDMS surfaces. (right) When plotted in logarithmic space, a straight line was observed, indicating the
power law regime of the viscous fluid.

If the power-law regime were to be extended to infinitely slow shear rates, ' would effectively
represent the minimum possible ice adhesion strength observable on these two monolayers. It is
recognized that there is typically an onset shear rate for the shear thinning behavior of PDMS[157].
However, the extremely thin layer (4 nm) makes all practical velocities well above the onset of at
least 1 Hz. For example, even at a speed of 10 nm/s, v = 2.5 Hz. It is then likely that K represents
the minimum possible ice adhesion strength observable on PDMS monolayers. Note that coating
Q from Chapter 2, a soft PDMS highly filled with silicone oil, initially displayed 7;.. = 150 Pa.
Because coating Q was spin-cast, the thickness was around 100 pm, making ¥ < 1 Hz . Good
consistency was therefore observed between the measured shear stress of bulk PDMS (coating Q)

and our measured value of K.

5.3.7 Anti-solid adhesion

Ice adhesion is chemically dependent on a material’s ability to hydrogen bond with water molecules[56].
Materials like metals, glass, ceramics, and hydrophilic polymers all display such a high affinity for
water (and therefore ice) that the ice typically fails cohesively at all reasonable lengths (recall from
Chapter 4 that even icephobic surfaces can cause ice to fail cohesively at large ). However, other
solid contaminants are not as strongly dependent on hydrogen bonding. We evaluated the solid
adhesion to our b-PDMS monolayers using cyanoacrylate superglue (covalent bonds), plaster of
paris (a mud substitute, polar interactions), and paraffin wax (van der Waals bonding) (Fig. 5.9a).
We additionally adhered crosslinkable PDMS as a negative control, because the PDMS monolayer

was completely wet by the uncured PDMS pre-polymer and should therefore interact strongly with
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Figure 5.9: a, the adhesion shear strength between five different solid adherents and the b-PDMS mono-
layer. b, the relative adhesion strength, normalized by the adhesion strength of the adherents to bare silicon.
The five adherents are classified by their primary bonding type.

the bulk PDMS after crosslinking.

As expected, the b-PDMS monolayer reduced the solid adhesion significantly for the covalent,
polar, and van der Waals bonding solids. Compared to an untreated silicon wafer, covalent bond
strength was reduced by 99.6%, hydrogen bond strength by 98%, polar bond strength by 93%,
and van der Waals bond strength by 90% (Fig. 5.9b). Note that, in the case of the cyanoacrylate
superglue, about half the samples never crosslinked, and remained liquid the following day (and the
data was discarded). However, crosslinkable PDMS bond strength was barely altered, and several
b-PDMS adhesion tests displayed values greater than the adhesion of PDMS to bare silicon. This
control supports the conclusion that the b-PDMS monolayer reduces adhesion through interfacial
slippage, but only when the PDMS chains can slip. The PDMS pre-polymer completely wet the b-
PDMS monolayer, and once cured, prevented such slippage from occurring. Note that in all cases,
the solid adherent started in a liquid state (methods, Sec. 5.2), and therefore perfect solid/solid

contact can be assumed.

5.4 Conclusions

Surfaces lacking contact angle hysteresis due to interfacial slippage show promise in a wide range
of fields, from liquid repellent coatings to surfaces minimizing solid adhesion. Here we explored
the bidentate attachment of PDMS monolayers. The fabricated surfaces are the first to repel fluo-
rinated solvents with low contact angle hysteresis, and may find usage in boiling and condensation

heat transfer applications, due to their low hysteresis and non-zero contact angles with refriger-
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ants. For this application, the high interfacial area between the solid and the liquid promotes heat
transfer. However, one potential drawback of the high interfacial area with the liquid is the phe-
nomenon of pearling. Pearling involves sliding droplets pinching off and leaving smaller, satellite
droplets on the surface. It occurs when Un = 2A~y(6%,.)%, where U is the droplet speed, 7 is
the viscosity, and A is a constant. Pearling is therefore highly dependent on the receding contact
angle[158]. Although the b-PDMS and cb-PDMS monolayers exhibit extremely low contact angle
hysteresis, their contact angles are low. In the following Chapter, we discuss the fabrication of
superomniphobic surfaces that display 8* > 150° and A8* < 3°, even with low-~ liquids like

ethanol.
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CHAPTER 6

Transparent, Flexible Superomniphobic Surfaces
with Ultra-Low Contact Angle Hysteresis

6.1 Introduction

Engineered surfaces that repel low-surface-tension liquids, such as various oils and alcohols, have
a wide array of applications, including stain-proof apparel, fuel transport, chemical shielding, and
self cleaning[137, 159, 32, 160, 38]. Superomniphobic surfaces display 8* > 150°, and exhibit
low contact angle hysteresis, with essentially all liquids[38]. Previous work has shown how re-
entrant curvature is necessary for repelling low-surface-tension liquids[137, 159, 161, 42, 162, 26,
41, 163]. However, it is generally difficult to obtain ultra-low contact angle hysteresis (Af* <
5°) with such low-surface-tension liquids. In previous work, we discussed the critical role of
hierarchical texture in developing superomniphobic surfaces with ultra-low Af* values[137, 42].
Unfortunately, such hierarchical, superomniphobic surfaces are usually opaque[137, 42, 34, 164,
165, 166, 167, 168]. The development of transparent superomniphobic surfaces is essential for a
range of applications, such as coatings for windows, phones, tablets, and computer screens. In this
chapter, we discuss a facile method for the development of flexible and highly transparent (optical
transmission > 90%) superomniphobic surfaces that can repel a wide range of liquids with both
low or high surface tension.

At the time of writing, only a handful of transparent and superomniphobic surfaces had been
fabricated[169, 170, 171, 130]. None of these surfaces possesses hierarchical texture, which may
yield ultra-low Af* values. In most of the previous studies, transparency was only achieved at the
expense of lower #* and/or higher A#* values, for low-~,y, liquids. In this work, using previously
developed design parameters[26], we were able to tune the texture of our surfaces to develop one

of the first transparent superomniphobic surfaces with ultra-low contact angle hysteresis.
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6.1.1 Estimation of the contact angle

When a liquid droplet comes in contact with a solid surface, the droplet can either adopt the wetted,
Wenzel state[1] or the non-wetted, Cassie-Baxter state[2] (see Fig. 1.2). A robust Cassie-Baxter
state is required for superomniphobicity because surfaces in the Wenzel state cannot achieve 6* >
90°. As discussed in Chapter 1, roughness enhances the intrinsic wettability of surfaces in the
Wenzel state, and no known material exhibits 6y > 90° for low-vy.y liquids. Accordingly, the
rational design of superomniphobic surfaces that repel low-vy liquids should focus on keeping
the metastable Cassie-Baxter state as robust as possible.

Surfaces that are textured on multiple length scales are beneficial for ultra-low Af*, because
AG* strongly depends on the solid-liquid contact area[137, 38, 42]. Two dimensionless parameters
have previously been developed that may be useful in the design of superomniphobic surfaces[26].
The first parameter, D*, is a measure of the solid-liquid interfacial area. For the square lattice of

cylindrical pillars discussed in this work,

* 4(R illar + D illar 2
pillar — ( Pl 2 il ) (61)
7.‘-‘Rpillar

where 2R,,i1q, 18 the diameter of the pillars, and 2.D,,,, is the spacing between pillars (Fig. 6.1).

As D* increases, the liquid comes in contact with less of the solid surface, which leads to an
increase in the apparent contact angle. In this work, we fabricate hierarchical surfaces comprised
of micro-pillars that are subsequently spray-coated with a second layer of texture that decorates
only the tops of the pillars. The apparent contact angle for a hierarchical structure can be found
recursively, by examining the texture on each length scale[159, 42, 137, 172]. Using our definition
for the porosity of the surface, the Cassie-Baxter equation[2] can be written as,

1 + cosby

cost g = —1 + —. (6.2)
P Dpillar

where the tops of the pillars are assumed to be flat, i.e. 74 = 1.0. For a hierarchical structure, the
correct contact angle to use is not 6y, but rather the apparent contact angle on the smaller (nano)
length scale, 0,,,,.,.[159, 42]. Thus, under the assumption that the pillars are completely covered

with particles, the apparent contact angle of our hierarchical surface is given by,

*
% o 1 + Coseparticle 6.3
hierarchical — — + D* : ( . )
pillar

cosf
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Figure 6.1: The geometric configuration of micro-pillars discussed here. The value of 5 shown is for an
ideal case where particles reach the bottom of the pillars, but not the region in between the pillars (6 = [.,).
The pillars alone lack re-entrant curvature and cannot support a composite interface with low-yzy- liquids.

These points are discussed below. Within the streamlines are the two chemical components used in this
work, PDMS and F-POSS (see Sec. 6.2).

6.1.2 Robustness factor

The robustness factor, A*, was previously developed to characterize a surface’s resistance to
wetting[38]. Textures yielding A* < 1.0 cannot support a composite interface, and surfaces ex-
hibiting A* > 1.0 have a highly stable Cassie-Baxter state. To predict if surfaces in this work, of
known D*, will support a composite interface, a modified expression for the robustness factor was
derived. Particles forming an overhang on micro-pillars generate a hoodoo-like structure[26, 41].
In this case, the robustness factor is given by the harmonic mean between a droplet’s dimensionless
sagging height (characterized by H*), and its dimensionless sagging angle (characterized by 7).

For the hoodoo-like surfaces discussed here,

2Rlcqy [(1 —cosby) + H/R

H* = 6.4
D2(1 + /D) ©4
and s
* gcapmneparticle (6 5)
D(1+ /D)

1/2

where (., is the capillary length (¢.,, = (yLv/pg)"/*, p being the fluid density and g the gravi-
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Figure 6.2: A-C) SEM micrographs of 20 ym high PDMS pillars with D* values of 10, 42, and 100,
respectively, without any spray coating. Images are taken at 45 °from the horizontal. Scale bars are 100 pm.
The inset in A shows a single pillar; scale bar is 5 pm.

tational constant). Typically there exists some minimal texture angle such that ¢y can be adopted,

Umin[26, 41], but for hoodoos we assume 1/,,;, = 0°. The robustness factor for our surfaces is

approximately given by,
1 1 1

~
~

TR
We designed the surfaces in this work such that both D* > 1 and A* > 1.

(6.6)

6.2 Materials and methods

6.2.1 Master mold fabrication

A 3 pm thick layer of photoresist (SPR 220-3.0, Shipley) was spin-coated on a silicon wafer and
baked for 90 sec at 115 °C. The lateral layouts of the micropattern were defined by 365 nm UV
exposure (Karl Suss MA6 mask aligner) and developed in AZ300 MIF. Inductively coupled plasma
reactive-ion etching (ICP-RIE, STS Pegasus) formed ~20 pm and 40 pm deep micropore arrays in
the exposed regions, and the photoresist was stripped (Baker PRS 2000). The master molds were
then exposed to vapors of (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trichlorosilane at 120 °C for 1
hour. This rendered the master molds hydrophobic.

6.2.2 Synthesis of micro-pillars

Polydimethylsiloxane (PDMS, Sylgard 184 Kit, Dow-Corning) was mixed in a 10:1 (w/w) ratio
as received, and poured over the Si master molds at room temperature. The mixture was degassed
and subsequently cured for 3h at 80 °C. The PDMS was removed from the mask, leaving a square
array of pillars (Fig. 6.2).

20 mg/mL solutions of 25 wt% 1H,1H,2H,2H-heptadecafluorodecyl polyhedral oligomeric
silsesquioxane (F-POSS) + PDMS were prepared in Asahiklin 225 (AK225, Asahi Glass Co.).
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The pillars were sprayed using an airbrush (Paasche Airbrush Co., product code 02661400031-1)
at a distance of 10 cm with an Ny pressure of 58 psi. Sprayed pillars were subsequently cured
again at 80 °C for 3 h.

6.2.3 Contact angle evaluation

Contact angles were measured using a Ramé-Hart 200-F1 goniometer. Measurements were made
by advancing and receding a single droplet of liquid (=6 pL) from a 2 mL micrometer syringe
(Gilmont). Averages from at least five independent measurements were reported. The surface
tension of probe liquids was evaluated using the pendant drop method and all values fell within

+5 % of literature values.

6.2.4 Electron microscopy

Surfaces were imaged using a Phillips XL.30 scanning electron microscope (SEM) at 15 kV. A thin
layer (= 50 nm) of gold was sputtered onto the surfaces to reduce charging. Spraying movies were
obtained using a VistaVision VWR optical microscope with a 5x objective. At 15 second intervals

the substrates were transferred from the spraying apparatus to the microscope stage.

6.2.5 Transparency and flexibility analysis

A Varian Cary 50 Bio UV-Vis Spectrometer was used to obtain transmittance data in the 200-
800 nm range at a scanning speed of 600 nm/s. Surfaces with small D* exhibited significantly
reduced optical transmission (Fig. 6.3).

Averages of three independent measurements are reported. An image of the sprayed pillar
substrate atop an iPhone 3GS backlit by a repeated image of "M’s was taken. To highlight the
flexibility of the surfaces, a single droplet (= 2 uL) of liquid was placed on the sprayed pillar
surface, which had been bent inside a scintillation vial (diameter = 2 cm). Videos were obtained
with a Casio EX-F1 camera, analyzed using Windows Movie Maker, and time-lapse photos were

constructed using Adobe Photoshop CS5.1.

6.3 Results and discussion

Transparent, flexible, superomniphobic surfaces were created using a facile spray method on
master-molded polydimethyl siloxane (PDMS) pillars. Briefly, silicon master molds with a uni-

form square array of holes (2R = 15 + 0.2 ;m) were fabricated as described above. We prepared
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Figure 6.3: Although a smooth PDMS film was roughly 96% transparent in the visible range, PDMS
micropillars can cause significant light scattering. a, SEM micrograph of 30 um high pillars with D* ~ 1
seen from a 65°angle from the horizontal. b, Transmittance as a function of wavelength for the structure
shown in (A).

molds with several D* values ranging from 10-100 (corresponding A* values from 27 to 0.8 with
water, see Table 6.1).

Table 6.1: Robustness factor A* for three different probe liquids for spray times of 30, 60, and 120 seconds,
on surfaces with D* values of 10, 42, and 100.

A:‘uater A:Lexadecane A:th(znol

D* | 30s 60s 120s|30s 60s |30s 60s 120s
10 | 27.8 31.1 339 | 291 149 |0.39 527 5.72
42 1489 569 63 |235 2741095 1.1 1.66

100 | 1.94 331 3.78 | 094 1.85 042 092 1.04

PDMS was chosen as the pillar material because it is highly transparent, flexible, and possesses
a low surface energy[169]. Pillar heights of 20 and 40 ;sm were chosen for this work. Pillars were
subsequently sprayed with solutions of 1H,1H,2H,2H-heptadecafluorodecyl polyhedral oligomeric
silsesquioxane (F-POSS)[26, 134], along with additional PDMS to serve as a binder. The high
degree of fluorination makes F-POSS one of the lowest-surface-energy molecules available (ygy ~
10 mN/m). Spraying low-surface-energy polymers can lead to a controllable re-entrant texture with
oleophobic properties, as explained previously[34]. A schematic of the synthesis methodology is
shown in Fig. 6.4. Note that the photolithography necessary to create the master mold only needs
to be performed once (see Sec. 6.2 above).

SEM micrographs of two representative surfaces with D* = 10 and D* = 100 that were
sprayed with the PDMS/FPOSS system for various spray times are shown in Fig. 6.5. Without
any sprayed solution (Fig. 6.2), only the surface with D* = 10 is robustly superhydrophobic, and
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Figure 6.4: Fabrication method. First, the desired pattern is etched into a silicon master mold using pho-
tolithography. PDMS is poured into the master mold and cured in an oven. PDMS/F-POSS is sprayed onto
the pillars, which are subsequently cured again. See Sec. 6.2 for more details.

Figure 6.5: A-C) PDMS pillars (D* = 10) spray-coated with PDMS/F-POSS for 30, 120, and 240 seconds.
D-F) PDMS Pillars with D* = 100, spray-coated for 30, 120, and 180 seconds.

neither of the surfaces are superomniphobic (as they lack re-entrant curvature). This matches well

with the calculated values of A*

water

discrete pillars were fabricated with re-entrant curvature on the macroscale[169, 170]. However,

and A’ ..., tabulated in Table 6.1. In two recent publications,
without hierarchical texture, these surfaces have relatively high contact angle hysteresis (Af* >
5°) for low surface tension liquids. The spray-coating-based method described herein introduces
both re-entrant curvature (overhang of the sprayed aggregates atop the pillars), and a hierarchical
texture, which leads to ultra-low Ag*.

6.3.1 Axisymmetric stagnation-point flow

The spray method was chosen because it creates a unique flow field that can localize particle
deposition, which enables the fabrication of hierarchically textured surfaces. When the spray gun

was pointed parallel to the pillar axes (Fig. 6.6), an axisymmetric stagnation-point flow field was
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Figure 6.6: The stagnation point flow created by our spray setup (d is the boundary layer thickness). The
corresponding streamlines are also shown. The blue box denotes the applicable region for our setup, where
substrates are directly beneath the axis of the spray gun.

created.

This type of flow field is well-characterized and has a boundary layer thickness §, which may

be described by[173],
5= 2.4\ﬁ | 6.7)
a

Here, v is the kinematic viscosity, and « is a constant arising from non-dimensionalizing the ve-
locity profile (V,, = —ay). For a hydrodynamically smooth surface, the correct velocity scale (for
V,) is y/va, which leads to,

a= Vy2 /. (6.8)

The boundary layer thickness may then be rearranged to,
0 =24v/V, (6.9)

By measuring the mass flow rate () (22 mg/s at an Ny pressure of 58 psi), and nozzle diameter

d = 790 pm), the boundary layer thickness can be found using,

md?p
4Q

where 1 is the viscosity of the sprayed mixture (N, and polymer solution). Therefore, by measuring

0=24

(6.10)

the diameter of the spray gun and mass flow rate of the spray feed, the boundary layer thickness
can be readily evaluated.
Our flow field yielded a boundary layer thickness of 6 = 94 &+ 5 um. Physically, a boundary
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Figure 6.7: Transparency of the surfaces sprayed with the PDMS/F-POSS for different spray times and D*
values. For all spray times greater than 0 seconds, a maximum in transparency persisted at D* = 42. The
inset in (a) shows the pillars with (D* = 10). Scale bar: 25 pm.

layer thickness of this scale implies that any height up to approximately 100 ym from the surface
will have a significant velocity component that is perpendicular to the pillar axis (V,.), even though
the spray setup is pointed along the pillar axis. Beyond 9, 99% of the velocity profile matches the
mainstream flow (along the pillar axis). A two-dimensional model elucidated how the horizontal

velocity component (V) lead to controllable and localized particle deposition (Fig. 6.1).

6.3.2 Design parameters for pillar geometry

Particles within the streamlines of the flow approach the pillar tops at an angle 5. Considering
a pillar height /7 and an inter-feature spacing 2D, the critical angle required for a streamline to
intersect the bottom of a pillar is given by,

Ber = tan™" (%) 6.11)

Typically, (3 is fixed for a set of given spray conditions. However, in our experiments the pillar
spacing was varied over a wide range. For a given pillar height and spacing, values of 8 < f,.
will cause streamlines to intersect the substrate in between the pillars rather than to hit the pillar
sidewalls. The effects of varying both spray time and D* on the transparency of the fabricated
surfaces are illustrated in Fig. 6.7.

As the fraction of pillars per unit area decreases (increasing D*), the transmittance increases,
as expected. The deviations in transmission from a smooth PDMS film originate from the slight

scattering that is caused by the pillar edges, and this effect was amplified with increasing pillar
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Figure 6.8: A schematic illustrating the various possible cases when (3 is either less than, equal to, or
greater than ... The effects of varying 5 on controllable particle deposition is also shown.

density. For a sample with D* ~ 1 (Fig. 6.3), the transparency was lower than 60%.

As the spray time increases, the transparency decreases because a higher fraction of the sur-
face is covered with the opaque PDMS/F-POSS particles. For our spray conditions, the highest
transparency was always observed for D* = 42 (R = 15, 2D = 82; Fig. 6.7B). Because of the
axisymmetric stagnation point flow field, a maximum in transparency can be expected. Increasing
D~ reduced the scattering caused by the pillar edges, but also increased the probability of particles
aggregating in between the pillars.

Assuming that 5 = (3., for pillars with D* = 42, for a pillar height of 20 yum, we estimated 5 =
76°. Physically this means that, for all pillar spacings such that D* < 42, all incoming particles
will aggregate on a pillar wall, rather than land in between the pillars. For D* > 42 (or 8 < f3.),
particles will aggregate on the pillar walls as well as in between the pillars. For the geometry (D*)
with optimal transparency, all particles with a velocity component that is perpendicular to the pillar
axis will stick to a pillar wall rather than land in the regions between the pillars.

Other geometries can then be divided into two regimes: 5 < .. and 5 > (... For our surface
with D* = 10, we calculated .. = 58°. Although the spacing between the pillars (2D) has
changed, the spray conditions are equivalent to the D* = 42 case, and thus 8 = 76° still. Back-
solving for the height of the pillars at minimum incidence yields a value of 8 um (Fig. 6.8), which
implies that, as our pillars are 20 ym in height, only the top 12 pum will collect particles, which
leads to controllable particle deposition.

This model is supported by the SEM micrographs in Fig. 6.5a-c and Fig. 6.7a (inset). The
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Figure 6.9: A, Contact angle measurements with water, hexadecane, and ethanol for pillars with D* = 100.
The filled and open symbols represent advancing and receding contact angles, respectively. B, Contact angle
hysteresis as a function of vy for pillars with D* = 100, sprayed for 120 seconds. The inset shows the
re-entrant PDMS/F-POSS structure; scale bar: 5 pm.

majority of the PDMS/F-POSS aggregates lay atop the PDMS pillars. A similar analysis can be
performed for a geometry with D* = 100. In this case, 3., = 82°, which allowed particles to
not only stick to the pillar walls, but also to the space in between the pillars (Fig. 6.5d-f). The
re-entrant curvature produced by particles sitting atop the pillars and on the pillar side walls was
necessary to repel liquids exhibiting 8y < 90° i.e. low-7y liquids. For example, spraying the
same solution onto a flat PDMS substrate yielded oleophilic surfaces, with 6* = 22° and 6* = 28°,

for ethanol and hexadecane, respectively.

6.3.3 Wettability of resultant surfaces

Once high transparency had been achieved through localized particle deposition, we evaluated the
liquid repellency of our surfaces. For our experiments, we chose hexadecane (non-polar liquid)
and ethanol (polar) as representative low-7yy liquids (v, = 27.5 mN/m and vy = 22.1 mN/m,

respectively)[18]. The advancing and receding contact angles were measured versus spray time for
a pattern with D* = 100 (Fig. 6.9A).
As stated earlier, without spraying the surface, A’ = 0.84 (Table 6.1). After spraying with

water

the PDMS/F-POSS solution for 30 seconds, the composite interface can be supported for water,
but not for hexadecane (A* = 1.94, but A} = 0.94). After a spray time of 60 sec,

water hexadecane

hexadecane can exist in the Cassie-Baxter state (A}, iccane = 1-895 Alihanot = 0.92), and after

120 seconds, ethanol is also repelled by the surface (A} = 1.04). For patterns with D* = 10,

ethanol —

water is stable in the Cassie-Baxter state without any spray deposition, exhibiting A = 26.8,

water
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Figure 6.10: A) Droplets of varying surface tension beading up on an Apple iPhone 3GS screen coated
with 20 pm pillars with D* = 42, and spray coated with PDMS/ F-POSS for 120 seconds. The inset shows
the top view of the same droplets to highlight the transparency of the coating. Scale bar: 500 ym. B) A
design diagram for pillars with D* = 100 combining transparency and liquid repellency characteristics. The
insets are optical images of droplets of water, hexadecane (HD), and ethanol sitting atop the spray-coated
pillars. The composite interface was clearly visible underneath the liquid droplets.

whereas ethanol is repelled after a spray time of approximately 45 seconds (Table 6.1). For lower
D* values, low-v1 liquids exhibited larger Af* for all tested spray times (A#* > 10°), owing to
the increased solid fraction. A#* for pillars with D* = 100 that were sprayed for 120 seconds is
shown as a function of liquid surface tension in Fig. 6.9B. Even for liquids with very low surface
tension, such as ethanol, we observed Ag* < 3°.

An iPhone 3GS screen that was coated with one of our surfaces (D* = 42, spray time of 120 s)
repelled different liquids with a range of surface tensions (Fig. 6.10A). The inset is a top view
of the screen. It is evident that our surfaces are not only mathematically transparent (i.e., there is
a small percentage of sparsely located opaque pillars), but also visually transparent, because the
pillars are invisible to the naked eye.

With our control over D*, re-entrant curvature, and hierarchical texture, a design diagram was
constructed for coated micro-pillars with D* = 100 (Fig. 6.10B). This diagram combines aspects
of liquid repellency, transparency, and spray time into a single plot. It is then trivial to select the
desired surface tension liquid that is to be to repelled and to predict the final transparency of the

substrate. Similar design diagrams could be constructed for other D* values.

6.3.4 Localized deposition analysis

We also evaluated the effects of varying the pillar height on the transparency of the fabricated sur-
faces. With increasing pillar height, the PDMS/F-POSS particles were found to agglomerate more
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Figure 6.11: Time-lapsed movie frames corresponding to flat PDMS (top), 20 pm high pillars with D* =
100 (middle), and 40 pm high pillars with D* = 100 (bottom). The frames support the proposed model, as
fewer particles accumulate between the 20 pym high pillars than between the 40 pm high pillars.

quickly around the pillars because of the increase in surface area (and decreasing (3..). To better
understand this phenomenon, spray coating was combined with time-lapsed optical microscopy for
different pillar heights and D* values over a spray time of 240 seconds, in intervals of 15 seconds.
In Fig. 6.11, still frames are shown that correspond to flat PDMS, pillars with D* = 100 and
H = 20 pm, and pillars with D* = 100 and H = 40 pm, respectively.

It should be emphasized that all surfaces were sprayed together within 5 mm of one another,
so that the observed effects were purely due to geometry. It was evident that a greater pillar height
lead to faster lateral growth of the PDMS/F-POSS aggregates, which in turn lowered the overall
transparency. However, because of the small pillar size (2R = 15 pm) and sparse pillar density
(2D = 140 pm), the optimally sprayed surfaces were visually still close to a transparency of 100%.

The low Af* and the flexibility of our fabricated surfaces are highlighted in Fig. 6.12. The
fabricated surfaces with D* = 100 (sprayed for 120 seconds) were curved into arcs, and various
droplets of liquids with high or low surface tension were deposited on them. The droplets rolled
back and forth along the length of the surface until the edge was reached. The trajectories of both

water and ethanol molecules are shown in the superimposed frames, spaced every 10 ms.
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Figure 6.12: Movie frames taken with 10 ms intervals were superimposed for droplets of water and ethanol,
respectively. The droplets rolled back and forth several times before reaching the edge of the substrate, which
highlights the ultra-low Af*.

6.3.5 Conclusions

To the best of our knowledge, this is one of the first flexible and transparent surfaces that displays
ultra-low contact angle hysteresis with low surface tension liquids, such as ethanol. Furthermore,
the simple mold and spray fabrication method may be well-suited to scale-up to functionalize sig-
nificantly larger areas. However, one shortcoming of these systems is their mechanical durability.
PDMS as a base material is mechanically poor, and thus even relatively mild mechanical abrasion
renders these surface wetting to both high and low surface tension liquids. In the next chapter I
discuss a new method for fabricating extremely mechanically robust superhydrophobic surfaces

(note, not superomniphobic).
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CHAPTER 7

Designing Self-Healing Superhydrophobic Surfaces
with Exceptional Mechanical Durability

7.1 Introduction

Superhydrophobic surfaces have garnered much attention over the last few decades for their ability
to be self-cleaning[32], drag-reducing[126], stain-resisting[174] and anti-fouling[127]. By trap-
ping pockets of air in their porous texture, SHSs display water contact angles 8* > 150° and low
roll-off angles[145]. The design and optimization of such surfaces have been well studied[32, 126,
174,127, 145, 175, 176, 128, 129, 26, 41, 146, 177, 178, 179, 14, 180]. However, most natural and
artificial SHSs suffer from poor mechanical durability, as their fragile and porous surface texture
can be easily removed even by the swipe of a finger[146]. Only a few SHSs have been reported
to exhibit mechanical durability, as characterized by sand impact[181, 182, 130, 183, 184], rub-
bing with a soft cloth[174, 185, 186, 187], tape peel tests[176, 182, 188, 133, 189], or sandpaper
abrasion[129, 146, 178, 179, 14, 182, 186, 190, 191, 192, 193, 194, 195, 141, 196, 197, 198, 199,
200]. However, all such reports present single material systems. The development of design cri-
teria to aid in the systematic fabrication of durable SHSs, generalizable to multiple chemistries or
fillers, is expected to be extremely useful to the field. In the first part of this work, we develop such
criteria.

Even the most durable SHSs will eventually become damaged by extreme or repeated me-
chanical abrasion, which damages a SHS’s low surface energy and/or texture. SHSs that can
regenerate both their surface texture and chemistry[201, 185, 11], akin to the lotus leaf’s ability to
regenerate its nano-structured wax[32], would be highly desirable. Herein we also report mechan-
ically durable SHSs that exhibit physical and chemical self-healing. The developed surfaces can
fully recover their water-repellency even after being abraded, scratched, burned, plasma cleaned,
flattened, sonicated and chemically attacked. These surfaces, and the design parameters used to
develop them, may find immediate usage in a wide range of academic and industrial sectors across
the globe.
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7.2 Materials and methods

7.2.1 Materials and synthesis

All solvents, pre-polymers, and crosslinking agents were used as-received. Fluorinated solvents
HCFC-225ca/cb (Asahiklin-225, Asahi Glass Co.) and HFC-43-10mee (Vertrel XF, DuPont) were
purchased from Techspray and TMC Industries, Inc. respectively. Poly(methyl methacrylate)
(PMMA), polystyrene (PS, 45 kDa or 1.2 kDa) and polyisobutylene (PIB) were purchased from
Scientific Polymer. Luxecolor 4FVBA fluorinated polyol resin (FPU, 55% solids in n-butyl ac-
etate) was purchased from Helicity Technologies, Inc. Desmophen 670BA polyol was provided
by Bayer MaterialScience, A.G. Isocyanate crosslinkers Desmodur N3200 and Wannate HMDI
(4,4-Diisocyanato-methylenedicyclohexane) were provided by Bayer MaterialScience, A.G. and
Wanhua Chemical Group Co., Ltd. respectively. Crosslinker ratios were 9.7 and 3.4 wt% respec-
tively with FPU, and 28.5 wt% N3200 with 670BA. Propylene glycol, a chain-extending agent
that increases the modulus of the final cross-linked polyurethane network, was obtained from MP
Biomedicals, LLC. A polyurethane elastomer (Vytaflex 40) was purchased from Smooth-On, Inc.,
and was prepared according to manufacturer directions. CNR (chlorinated polyisoprene) was pro-
vided by Covestro. Polydimethylsiloxane elastomer (Dow Corning Sylgard 184) was obtained
from Krayden, Inc. and a 10:1 base:crosslinker ratio was used according to manufacturer di-
rections. Acrylate-terminated perfluoropolyether resin (CN4001, purchased from Sartomer USA,
LLC) was mixed with 5 wt% radical photoinitiator (Irgacure 2022, provided by BASF Corporation)
to yield a UV-curable fluorinated polymer matrix. Cyanoacrylate adhesive (3M Scotch-Weld SF-
100) was purchased from Pack-n-Tape, Inc. Two-part epoxy adhesive (Selleys Araldite 90 seconds)
was used in an approximate 1:1 volume ratio of the components, per manufacturer instructions.
Fluorodecyl and fluorooctyl polyhedral oligomeric silsesquioxanes (F-POSS, FO-POSS) were
prepared by condensing perfluorinated triethoxysilanes as previously reported[134]. Octaisobutyl
polyhedral oligomeric silsesquioxane (IB-POSS) was purchased from Hybrid Plastics, Inc. Eicosane

was purchased from Acros Organics.

7.2.2 Coating sample fabrication

Spray coating solutions were prepared by solubilizing the filler, polymer or pre-polymer, and cross-
linker or photoinitiator (if applicable) at an overall solution concentration of 100 mg/mL. The
fraction of filler in the total solution was varied from O to 50 wt%. The solvents used for F-
POSS and FO-POSS blends were: pure Vertrel XF (for FPU and PFPE), pure AK-225 (for SF100,
670BA, PMMA, chain extended FPU and PDMS), 50:50 Chloroform:Vertrel XF (for Vytaflex
40, PS and Araldite epoxy) and 50:50 AK-225:Hexane for PIB. Pure chloroform was used for
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IB-POSS blends with 670BA and FPU. Pure toluene was used for blends of eicosane and CNR.
No significant effect on spray coating morphology was observed between these solvents, as
they have similar volatility and surface tension. The solutions were applied to 10 cm x 10 cm
6061 aluminum sheets with an ATD Tools 6903 high-volume-low-pressure spray gun. 20 mL of
coating solution was applied to each plate, which resulted in coatings that were approximately
100 pm thick. However, because the surfaces are both porous and extremely rough, the thickness
cannot be well-defined, and during abrasion tests the percent mass loss was tracked instead. Spray
coated samples were held at room temperature for at least one day and then cured as necessary prior
to further testing (polyurethanes: 80 °C two days; PDMS: 150 °C 1 h; epoxy and cyanoacrylate:
room temperature at least 2 h; PFPE acrylate resin: 15 min simultaneous exposure to 254 and 365

nm UV mercury lamp irradiation under Ny atmosphere).

7.2.3 Hansen solubility parameter determination

Hydrophobic filler miscibility within the polymeric binders was analyzed with the aid of the HSPiP
software package and associated database of Hansen solubility parameters. All solvents were used
without further purification, including acetone, THF, chloroform, ethylene glycol, toluene, cyclo-
hexane, hexane, dodecane, DMSO, ethanol, n-butyl acetate, MEK and o-fluorotoluene (Fisher), as
well as 1-hexanol, chlorobenzene, perfluorodecalin, hexafluorobenzene, p-chlorobenzotrifluoride,
diisopropylamine, and pentafluorobutane (Sigma-Aldrich). Additionally, DI water, AK-225, and
Vertrel XF were used.

Crosslinked polymers and elastomers were swollen in a selected number of solvents until a
consistent mass was achieved. Samples were weighed and then the solvent was extracted using a
vacuum oven at 100 °C. The goodness of a solvent was determined by ranking the swelling ratio
(divided by the mass of the solvent) from 1 to 6, with 1 being solvents that swell the polymer the
most. These were then input into the HSPiP software in order to determine the center and radius of
the given system, or to determine other solvents necessary to better define the radius of the Hansen
sphere. The results of the Hansen sphere determination are tabulated in Table 7.1 (fillers), Table
7.2 (binders from this work), and Table 7.3 (binders from the HSPiP database).

7.2.4 The Hansen miscibility sphere for F-POSS

To determine the Hansen sphere for F-POSS, we found solubility maxima in a wide variety of fluo-
rinated solvents. We only used fluorinated solvents so as to not confound results with the additional
variable of percent fluorination. F-POSS is completely immiscible in all alkanes, whereas it dis-

solves in fluorinated alkanes to an extent, in agreement with the Hansen theory[96]. We evaluated
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Table 7.1: Hansen Solubility parameters for the three previously unreported fillers determined in this chap-
ter. Hansen parameters for IB-POSS (18.04+0.1,2.1£0.2,2.740.3, 4.3) were sourced from the literature[20].
F-POSS FO-POSS  Eicosane

Water X X X
Ethanol
Ethylene Glycol
Hexanol
Acetone
Chlorobenzene
Chloroform
THF
MEK
MIBK
nBA
Toluene
Cyclohexane
Hexane
Dodecane
Diisopropylamine
Asahiklin-225
Vertrel XF
Perfluorodecalin
DMF
DMSO
Acetic acid
Hexafluorobenzene
o-fluorotoluene
p-chlorobenzotrifluoride
Pentafluorobutane
PGMEA

AN NN NN

AX X AX X X X NAX X X X X X X X X X X X X X X
X X

X X X AX X XANANAX X X X X X X X X X X X X XX

1
1
X

op MPal/?) 14.7+0.1 13.6+0.1 15940.3
dp MPal/2)  0.0+0.8 1.9+06 3.0+0.6
Sy MPat/?)  0.0+1.2 00+05 39404
R, (MPal/?) 3.2 5.1 6.0
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Table 7.2: Hansen parameters for the five previously unreported binders evaluated in this work.
Vytaflex Desmophen
FPU FPU-PG PFPE SF-100 40 670BA

X X X

Water

Ethanol
Ethylene Glycol
Hexanol
Acetone
Chlorobenzene
Chloroform
THF

MEK

nBA

Toluene
Cyclohexane
Hexane
Dodecane
Diisopropylamine
Asahiklin-225
Vertrel XF
Perfluorodecalin
DMF

DMSO

Acetic acid

X X
X

XX AX X X X SNSNSSsSsSsSs
NAX X SNAX X X ASNSNSSSSAS X XX
XX X SNSNSSASNSNS X XX

X X NNAX X X X X X X X X X X X X X

CAX X A

AX X X X AX X X X NN ANs8s8Ns88A X X x X
AX X X X X X X X X NSNNsANs8Ns8s8A X X x X

dp (MPal/2)16.0 £0.2 17.3+0.4 12.6 +0.2 17.1 +£0.3 18.0+ 0.5 18.0+0.7
dp (MPa/2) 95+05 7.0+0.7 44+08 7.2+03 4.9+0.6 87+0.6
Sy (MPal/2) 36+05 4.6+1.2 01+12 64+04 99+1.0 59+08
R, (MPa/2) 93 5.2 5.1 8.4 4.4 8.4

Table 7.3: Hansen solubility parameters for binders present in the HSPiP database.
Araldite  Pergut

PMMA PS PIB PDMS (epoxy) (CNR)

op MPal/2) 186 189 169 17 14 17.4
dp(MPal/?) 105 81 25 2.9 7.4 9.5
Sg(MPal/2) 5.1 46 40 26 9.4 3.8
R, (MPal/2) 8 103 7.2 5.7 13.7 10
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seven pure fluorinated solvents (Table 7.1) and 27 mixtures of those solvents to get the F-POSS
Hansen sphere (Fig. 7.1a).

As stated in Sec. 7.2.2, we sprayed our coatings at a concentration of 100 mg/mL, and the
highest percentage of F-POSS in any coating was 50 wt%. Thus, our method for ranking F-POSS
solubility was as follows: Any solvent that dissolved at least 50 mg/mL F-POSS is ranked a 1 (in
the HSPiP program), and any solvent with less than 1 mg/mL solubility is ranked a 6. Solvents with
F-POSS solubility in between these limits were graded from values of 2 - 5 based on interpolation.
Because F-POSS has essentially no polar or H-bonding components, trends between concentration,
radius and dispersive components became apparent (Fig. 7.1b). We also modified our rankings for
different concentrations, which effectively shrank the sphere and shifted it towards better solvents
as the concentration was increased (Fig. 7.1c).

The highly perfluorinated arms of the POSS cage make both the polar and hydrogen bonding
solubility parameters of F-POSS effectively zero. However, for consistency, we always chose the
Hansen sphere that maximized the fit and minimized the residuals, for both F-POSS and all binders
evaluated. This is why we report values of 0.03 MPa'/? for both polar and hydrogen bonding
components of F-POSS (Table 7.1). Careful mixtures of solvents with identical dispersive com-
ponents, but slightly differing polar and hydrogen bonding components, confirmed that F-POSS is
only dispersive in nature. Moreover, although the dispersive component of F-POSS was found to
be 6p = 14.26 + 0.1 MPa'/2, by far the best solvent for F-POSS is hexafluorobenzene. Hexafluo-
robenzene appears close to the edge of the F-POSS Hansen sphere due to the approximation of the
hydrogen bonding parameter. In 3-parameter Hansen space, 6%, = 24,0;, where ¢, is the proton
acceptor component, and dy, is the proton donor component[202]. Thus, although many fluorinated
solvents are known to have large proton donor components[203], most have a zero proton acceptor

component, resulting in a net zero hydrogen bonding parameter.

7.2.5 Wettability analysis

Advancing and receding contact angle measurements were obtained via the sessile drop method
using a Ramé-Hart 200 F1 contact angle goniometer. A water droplet suspended from a vertical
dispensing needle was brought into contact with the substrate, and its volume increased and de-
creased to obtain the advancing and receding contact angles. A circular drop profile on the live
video feed in the DROPImage Advanced software was used to obtain contact angle data. At least
three points were measured for each surface at each abrasion condition. Droplet roll-off angles,
O roli—of f» Were obtained by placing at least five 25 pLL water droplets distributed across the surface
with a micropipette, and using the manual tilting stage of the goniometer to gradually increase the

angle. The tilt angle was recorded when each droplet rolled off, and the average across the droplets
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Figure 7.1: Data for F-POSS. a, The Hansen sphere for F-POSS, constructed using seven pure fluori-
nated solvents and 27 mixtures. See Table 7.1 for the coordinates of the sphere. b, The Hansen radius
and dispersive component as a function of F-POSS solubility concentration. As expected, forcing higher
concentrations of F-POSS to be solubilized decreased the radius of the sphere, and shifted the center closer
to the best solvent, hexafluorobenzene. c, The change in F-POSS radius and dispersive component as a
function of concentration. Other than the 1 mg/mL concentration, all other spheres had essentially no polar
or H-bonding components. The 1 mg/mL sphere was centered at (p = 13.88 £ 0.05, §p = 0.15 + 0.55,
dg = 0.60 + 1.10 MPa'/2). The radius was R, = 5.1 MPa'/2. d, TGA (10 °C/min) for pure F-POSS, pure
FPU and the blend of FPU + 15 wt% F-POSS.
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was calculated. Droplets that did not roll off were recorded as Or;—orf = 90° for averaging pur-
poses. Large error bars were observed for some abraded samples, which arose from averaging

areas that wet with areas that remained superhydrophobic.

7.2.6 Abrasion testing

Abrasion testing based on ASTM standard D4060 was performed with a Taber Model 5135 Rotary
Abraser with CS-10 resilient abrasive wheels. 250 g weights were placed on the rear of the wheel
arms such that the applied normal load was 60 g, and the sample was then rotated relative to the
freely spinning abrasion wheels such that a shearing abrasion action occurred. Excess debris was
removed continuously with a vacuum nozzle. The result was a circular region on the sample that
was consistently mechanically damaged.

The manual sandpaper abrasion test performed in [14] was automated using a Taber Model
5750 Linear Abraser. A 2.5 x 2.5 cm spray coated sample was mounted facing downwards on
the reciprocating head, and brought in contact with 240 grit sandpaper, with an applied load of
250 g. The sample was then moved under load on the static sandpaper, and the test was continued
until water droplets were pinned. Water roll-off angles were measured periodically to confirm the
retention of superhydrophobicity (Fig. 7.2b).

R TR 5

10,000 20,000 30,000
Sandpaper Abrasion Cycles

Figure 7.2: The forces experienced during Taber abrasion, found using Hertzian contact mechanics, as-
suming a cylinder/cylinder configuration[13]. b, The 25 pL water roll-off angle for the FPU/F-POSS
coating versus the number of sandpaper abrasion cycles, mimicking a previously reported durability
characterization[14]. The inset shows the linear Taber abrasion machine, modified to perform sandpaper
abrasion.
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7.2.7 Hertzian contact mechanics of Taber abrasion

Although it is an industrial standard for measuring the mechanical durability of coatings, Taber
abrasion has rarely been used to evaluate superhydrophobic surfaces. Here we briefly show the
relevant contact stresses involved in Taber abrasion. During the abrasion process, two wheels
are constantly rubbed against the coated surface. According to Hertzian contact mechanics, this
situation can be modeled by cylinder/cylinder contact (Fig. 7.2a), in which the lower surface is
given an infinite radius of curvature[13]. In such a case, the area of contact between the abrading

wheel and the coated surface is an ellipse, with half-width b given as,

: (7.1)

b ARF[E5(1 —v}) + E(1 — v3)]
N 7LE,F,

Here R is the radius of the wheel (49 mm), F' is the normal load (60 g), L is the length of
abrasion (10 mm), and F4, v, E», and v, are the elastic moduli and Poisson ratios of the wheel

and coating, respectively. The maximum pressure exerted on the coating is given as,
Praz = 2F/7bL. (7.2)

Although this pressure can compress the surface, the main degradation occurs because of the
shear stresses generated. If we define = as the direction tangential to the rotation during Taber

abrasion, and z along the thickness of the coating, the principle stresses are given as,

22
0y = —209L 00 \/ﬁ +1— yz/by] (7.3)
and
0, = —Prga (22 /0> + 1)71/2. (7.4)

And finally the shear stress in the zz-direction (the direction of abrasion) is,

1
Tys = 5\% — .| (7.5)
For our FPU-based coatings we measured the elastic modulus using standard tensile testing[83].
Using this modulus value resulted in a maximum shear stress experienced of 7,, ~ 120 kPa.
Solving for the solid fraction using the contact angles of water on our surfaces gives a local shear

stress of a few MPa at the texture elements during abrasion.
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Figure 7.3: The roll-off angle of the FPU + 15 wt% F-POSS coating versus temperature held for 1 hour.
The inset shows TGA of the same coating, at different temperature points.

7.2.8 Imaging and metrology

Scanning electron micrographs were obtained with a Philips XL.30 SEM after sputter coating the
samples with gold to reduce charging effects. Two-dimensional height-maps (2.4 mm x 2.4 mm)
of the surfaces were obtained with an Olympus LEXT OLS4000 3D Laser Measuring Microscope
with a 10x objective, and at least five height maps were collected for each sample at each abrasion
condition. This data was subsequently analyzed to yield statistical topographical parameters using
MATLAB (see Sec. 7.3.2 below). The root-mean-squared roughness, S,, was found using,

1
1= 1120 Zx: %: hZ, (7.6)

where 5, , is the height of the surface at point (z,y), after the mean height has been set to zero.

7.2.9 Thermal degradation analysis

A sample of FPU+15 wt% F-POSS was placed on a hot plate at temperatures from 150 - 425
°C in increments of 25 °C, 1 hour per temperature point. After each baking step, the advancing,
receding, and roll-off angles were measured (Fig. 7.3). To correlate the onset of degradation of
the Cassie-Baxter state with chemical degradation of the sample, thermogravimetric analysis was
performed with a TA Instruments Discovery Series TGA using a 6 mg sample scraped from the
same spray-coated surface. This sample was heated from 25 - 600 °C at 10 °C/min in a 10 mL/min

Ny gas purge flow while continually monitoring its mass (inset, Fig. 7.3).
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Figure 7.4: a, The roll-off angle of the FPU + 15 wt% F-POSS coating after Oy plasma treatment, as
a function of recovery time at 80 °C. As the fully fluorinated chains bloomed to the surface, the surface
energy decreased, and water was more easily repelled. The insets show water droplets (dyed blue) after O
plasma treatment, and after thermal recovery. b, Ten successive O plasma/recovery cycles, highlighting
that the self-healing nature of the FPU/F-POSS coating was quite robust.

7.2.10 UV and oxygen plasma exposure

A sample of FPU+15 wt% F-POSS was placed under 254 nm UVC at a distance of 5 cm. The con-
tact angles were measured after five hours of continuous exposure. For oxygen plasma exposure,
a sample of FPU+15 wt% F-POSS was exposed to O plasma (Harrick Plasma PDC-001) using
an RF source power of 30 Watts and a pressure of ~ 200 mTorr for 20 min. Contact angles were
measured to verify the complete wetting of the surface. To recover the water repellency, the coated
surface was placed on a hotplate at either 80 °C or 150 °C). For the time-dependent recovery, the
substrate was removed from the hotplate after temporal increments and the contact angles were
measured. For the O, plasma cycling, the substrate was placed on a 150 °C hotplate for 20 min
before measuring contact angles. The O, plasma exposure followed by the 150 °C recovery is

denoted as one cycle in the inset of Fig. 7.4b.

7.2.11 Corrosion

Corrosion testing was done in accordance to ASTM B117(84]. Briefly, steel tabs measuring 25
mm X 75 mm were spray-coated at with the FPU+15 wt% F-POSS coating. The coated pieces
were hung in a salt-spray fog chamber (Bemco Inc.) kept at 35 °C for 200 hours. A 25 mm scratch
was made along the length of the coating so that the steel underneath was exposed. After the

accelerated corrosion, the contact angles were measured.
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7.2.12 Compression

Compression testing was done using a Carver 4350 compression molder with a 30 ton capacity.
Samples of known dimensions were placed between aluminum plates and a certain force was
applied and held for 60 seconds. The contact angles were then measured immediately following
compression. Following compression, the sample was self-healed on a 100 °C hotplate for 5

minutes, and contact angles were recorded again.

7.2.13 Breakthrough pressure

Pressure stability was measured both statically and dynamically. Static pressure testing was done
using a pressure tank (TCP Global) with a 7 cm head of DI water. The pressure was regulated
using compressed air. Samples were submerged and the pressure was raised to the set level for
60 seconds at a ramp rate of no more than 5 psi/s. After the pressure was released, samples were
removed to determine if they remained dry. Due to the inhomogeneity of the surfaces, breakthrough
was considered to have occurred when the sample was fully wetted upon removal from the water
tank.

Dynamic pressure testing was done using impacting water droplets and a high-speed camera
(Fastec Imaging HiSpec 1) at 2,000 frames per second. The breakthrough pressure was considered
when the droplet became pinned on the surface upon impact. As the maximum droplet height for
our experimental setup was 1.7 m, corresponding to an impact velocity of 5.7 m/s, many surfaces

exhibited breakthrough pressures too high to measure using droplet impact.

7.3 Design criteria

7.3.1 The miscibility parameter

The lowest possible surface energy, vsy ~ 6 mN/m, is achieved with a monolayer of -CFj
groups[11]. Chemically grafting such monolayers requires specific substrate chemistry. Moreover,
the thin monolayer only renders the uppermost surface hydrophobic, and any surface degradation
will expose the higher surface energy material underneath. In contrast, the incorporation of highly
perfluorinated compounds within a coating allows one to achieve equally low surface energies
without the need for chemical grafting[134, 96]. Moreover, these unbound species can diffuse
to the surface, restoring the low surface energy after mechanical or chemical attack, thereby re-
ducing the formation of hydrophilic defects upon damage[146]. Such coatings can be universally
applied to any substrate, and impart low surface energy throughout the entire thickness of the

coating. In this work, we fabricated a library of SHSs using sprayed blends of polymeric binders
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and hydrophobic fillers. Due to its low surface energy, vsy ~ 10 mN/m, we primarily focus on
systems incorporating 1H,1H,2H,2H-heptadecafluorodecyl polyhedral oligomeric silsesquioxane
(F-POSS)[134], although the developed design parameters are generalizable to other material sys-
tems, as we show. Spray coating was chosen as the primary methodology for the application of the
superhydrophobic coatings because it is inexpensive, scalable, and allows control over the surface
energy and texture of our coatings via simple changes in experimental parameters.

The cohesive energy of any material species can be broken into its dispersive, polar, and hy-
drogen bonding Hansen solubility parameters, (0p,0p,0)[96]. A miscibility sphere can be exper-
imentally constructed for any compound, with its center at some point in a 3D space defined by
these three solubility parameters, and its volume encompassing all good solvents and excluding
all non-solvents. We first determined the miscibility spheres for several hydrophobic fillers and
a wide variety of binders (Fig. 7.5), by screening their solubility in a large number of solvents
(Tables 7.1-7.3).

The overlap between the Hansen spheres of the binder and filler is indicative of their chemical
compatibility, and the extent to which they phase separate and form texture during the spray-
coating process. In order to quantify a polymer’s miscibility with the filler, we developed the

miscibility parameter S*, which is given as,

o AR — Rbinder + Rfiller

S*
2R ¢iler

(7.7)

Here AR is the distance in 3D solubility space between the centers of the filler’s sphere and the
binder’s sphere, with their radii denoted by R ;i and Rpinger, respectively.

Similar to Hansen’s Relative Energy Difference value[96], S* is defined such that the filler is
completely immiscible with a binder when the two spheres do not overlap (§* > 1.0, also see
schematic in Fig. 7.5). Alternately, binders with $* < 0 have solubility spheres that completely
encompass the filler’s sphere, and are hence fully miscible (at a given concentration, see Fig. 7.1).
In between these two extremes is the regime of partial miscibility, which we will show greatly
affects a SHS’s ability to maintain water repellency after mechanical abrasion.

The S* parameter allows one to predict if the filler will phase separate from the binder during
spray coating. This phase separation manifests in the sprayed surface’s root-mean-squared rough-
ness, S,. For example, we determined the solubility spheres for a polyurethane and an epoxy,
which are both commonly used hydrophilic adhesives (Tables 7.2 and 7.3). For the epoxy, S*
~ 0.2 with F-POSS, and an epoxy + 5 wt% F-POSS blend, when sprayed, resulted in a smooth
surface with S, = 0.8 um. Conversely, for the polyurethane, $* ~ 1.6, and a polyurethane + 5 wt%
F-POSS blend, when sprayed in the exact same manner, resulted in a very rough surface (S, = 41

pm). Thus, immiscibility alone can induce roughness during the spray coating process. However,
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Figure 7.5: Visualization of the S* parameter for three binders in 3D Hansen space. FO-POSS: fluorooctyl
polyhedral oligomeric silsesquioxane. FPU: fluorinated polyurethane. F-POSS: fluorodecyl polyhedral
oligomeric silsesquioxane.
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a large S, does not guarantee superhydrophobicity[204].

7.3.2 The superhydrophobic potential

Water on SHSs can exist in the Cassie-Baxter state, in which air pockets are trapped in the surface’s
porous texture[2]. However, water can displace these air pockets, leaving the surface in a wetted,
Wenzel state[1]. SHSs should ideally be designed such that the Cassie-Baxter state is energetically
preferred[32]. We developed a method to predict when the Cassie-Baxter state would be energet-
ically favorable over the Wenzel state using only the topographical statistics of a given surface.
Because each binder/filler combination exhibited a distinct, characteristic surface morphology, we
wished to develop universal metrics that characterize surfaces with widely varying topographies.
To do so, we measured three statistical surface properties: peak periodicity, R.S,,, auto-correlation
length, S,;, and the Wenzel roughness, 7[1].

RS, represents the length along the surface between large surface features, and can be thought

of as the center-to-center distance between texture elements[205]. R.S,,, is defined as,
RS, = dox (7.8)
m — m < 7 .

where X is the length of a peak (Fig. 7.6a)[151]. A peak is defined such that its height is > 10%
of the maximum height, and its length is > 1% of the total sampling length. This allows one to
separate genuine texture features from noise. In Fig. 7.6a the noise and valid X; are labeled.

The second statistical parameter, S, is the shortest autocorrelation length. An autocorrelation

function can be constructed for any surface by evaluating the self-similarity of heights when small
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perturbations in distance are made[204]. In effect, S,; represents the distance at which a peak
becomes a valley or vice versa. In this work we use the popular cutoff in the autocorrelation
function of e ! (Fig. 7.6b).

Before defining the porosity of random surfaces using the above statistical parameters, we first
briefly make the connection to the canonical surface of micro-pillars. Such surfaces are often stud-
ied for their simple geometry but relatively good water repellency. Square pillars can be defined by
their width 2R and the spacing in between pillars 2D (see Fig. 6.1 in Chapter 6). If water is placed
on such a surface (with 6 > 90°, it may be able to support a composite solid-liquid-air interface,
which will be contingent upon the dimensions of R and D). Should the composite interface be
stable, the fraction of solid in contact with the air is given by ¢, = 2R/(2R + 2D) in the one
dimensional case (Fig. 6.1). Converting to two dimensions simply involves squaring ¢;.

For a randomly rough surface we must resort back to the statistical lengths of RS,, and S;.
The one-dimensional solid fraction may be defined as ¢ = S,;/RS,,. In our previous work[26],

we found it instructional to define the porosity of a surface as the inverse of ¢;,
Dot = (RSm/Sa)” (7.9)

where the second power is added to convert from properties measured along one-dimensional
height profiles to the porosity of a two-dimensional surface[145]. Larger values of D7, , indicate
surfaces with higher porosity. Note that we use the two dimensional form, and that we average the
measured RS,, and S,; values over the entire two-dimensional surface.

For the Cassie-Baxter state to be favored over the wetted, Wenzel state, it must be the global
energy minimum[33]. For a given surface topography, the free energies of the two states can be
balanced (i.e. equating Eq. 1.5 with Eq. 1.6). The non-wetted state is energetically preferred only
if the intrinsic contact angle, #y-, exceeds a critical value, 6. This critical intrinsic contact angle is
given by[33],

cost. = (¢s — 1)/(r — ¢5) (7.10)

ES
stat

where ¢, is the fraction of solid in contact with water (note D?,,, ~ ¢, !, and we assume re = 1.0).
Stated differently, and recalling that intrinsic water contact angles cannot exceed 120°[26], there
exists some minimal texture that any surface, regardless of chemistry, must exhibit in order to
achieve an energetically favorable Cassie-Baxter state. Substituting this maximum contact angle
as 6. yields,

cosf, = cos120° = (1/D%,,, — 1)/ (r — 1/D%,..) (7.11)

or
—-05=(1-D},)/(rD:., —1). (7.12)
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We can then define a surface’s superhydrophobic potential, P*, such that only for values of P* <

1.0 is the Cassie-Baxter state the global energy minimum. Doing so yields,
P =2(Dgq — 1)(rDgyey — 1) (7.13)

For any surface that exhibits P* > 1.0, the wetted state is energetically preferred, regardless
of surface chemistry. Note that water can exist in a metastable Cassie-Baxter state through the
addition of re-entrant texture[26], and hence a value of P* > 1.0 does not necessarily indicate
wetting. P* is useful because surfaces are often created with a given topography, and then subse-
quently rendered superhydrophobic by applying a low surface energy layer on top[32]. As such,
measuring P* allows one to determine a priori if such a surface will become superhydrophobic
before applying such a (often expensive) low surface energy monolayer. Moreover, if a surface is
superhydrophobic in spite of a P* > 1.0 value, one can say with certainty that water will exist
in a metastable state, and such a surface should be used with caution. By measuring the dynamic
contact angles on many surfaces, both wetted and non-wetted, we probed the effectiveness of P*.

When water initially advances on a SHS, it displays 67, [206]. If any texture elements become

wetted, the apparent angle at which water recedes, 6,., will be much lower than 67, . Thus,

rec’
0*

" » can be thought of as a measure of the SHS’s inherent porosity (i.e. fraction of air pockets),

ignoring how stable the air pockets may be, and 0, gives an indication of their stability[23]. We
measured 6., for more than fifty combinations of F-POSS and various polymeric binders, as a
function of P* (Fig. 7.7a). These binders included both crosslinked networks, such as different
urethanes, acrylates, epoxies, and cyanoacrylates, as well as linear polymers such as polystyrene,
polymethylmethacrylate and polyisobutylene (Sec. 7.2, Table 7.4). We observed a high 6*__ only

rec

for systems with a stable Cassie-Baxter state, i.e. P* < 1.0. This was confirmed by the sharp

*
rec

jump in 67, at a value of P* = 1.0. The specific value of P* = 1.0, corresponding to an intrinsic
contact angle fy ~ 120°, indicated that all the surfaces had a high percentage of F-POSS at the
solid-liquid interface, although there were vast differences in topography. Thus, we were able
to predict if an F-POSS-containing surface could be superhydrophobic solely by measuring P*.
Without measuring P*, there is no easy way to determine if a randomly textured surface has the
potential to become superhydrophobic, a priori.

Moreover, for surfaces with P* < 1.0, recasting the Cassie-Baxter relation (Eq. 1.6)[2] in terms

*
adv

P* extended to other SHSs not containing F-POSS. These SHSs included polymer blends with
other hydrophobic fillers like eicosane, octa-isobutyl POSS (IB-POSS) and fluoro-octyl POSS
(FO-POSS), as well as other SHSs such as three commercially available superhydrophobic for-

of Dz, , effectively predicted 0, (Fig. 7.7b). We observed that the predictive power of D7, , and

mulations (Sec. 7.2, Tables 7.1-7.3), lithographically fabricated microstructures[138], textured
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Figure 7.7: a, The apparent receding contact angle versus the P* parameter. The sharp transition at P* =
1.0 denoted an intrinsic contact angle of 6y = 120°. b, Measured and predicted apparent advancing contact

angles versus the developed statistical porosity parameter, D7, ;. This plot includes all the different systems

from Table 7.4. The inset shows an SEM micrograph of the FPU + 15 wt% F-POSS sprayed surface, with
representative RS,,, and S,; values indicated.

metals treated with self-assembled monolayers[207, 165], and binders filled with hydrophobic
particles[208]. As such, the design parameters developed in this work are applicable to SHSs
produced using a wide range of binders, fillers, and fabrication techniques.

For each binder (fixed S*), we varied P* by adjusting the amount of hydrophobic filler in the
blend. Combining the S* and P* parameters allowed us to construct a phase diagram for the dif-
ferent possible surfaces created when spraying the binder/filler blends (Fig. 7.8). Here we denote
surfaces with a (x) when the water roll-off angle was Og.;0rr > 15° (not superhydrophobic),
and surfaces that exhibited Ory0r¢ < 15° (superhydrophobic) as (M). These two regions were
demarcated by a line at P* = 1.0, i.e. we never observed a SHS for which P* > 1.0.

Low surface energy species are known to preferentially migrate to the solid-air interface[44].
For binders with $* > 1.0, the final surface was always very mechanically weak, with a pow-
dery consistency, because the filler was completely immiscible with such binders. Surfaces that
remained superhydrophobic after mechanical abrasion (discussed below) are denoted with () in
Fig. 7.8. These mechanically durable SHSs were only observed when a binder exhibited partially
miscibility with the filler (§* < 1.0), i.e. we never observed a durable SHS with §* > 1.0. Finally,
we note that increasing the amount of filler within a sprayed blend was not always efficacious.
As the binder can be much more mechanically resilient than the filler molecules, any excess filler
within the blend, beyond what is required to achieve superhydrophobicity (P* < 1.0), can lower
the overall durability. For example, a perfluorinated polyether, PFPE, with 25 wt% F-POSS re-
mained superhydrophobic after abrasion, but PFPE with 35 wt% F-POSS did not, although the S*
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Figure 7.8: A Phase diagram for all the surfaces developed in this work (see Table 7.4). Only surfaces with
P* < 1.0 can be superhydrophobic (0g.ii—off < 15°), and additionally only surfaces with §* < 1.0 can be
mechanically durable (Oro;—ofr < 15° after 100 abrasion cycles). The non-SHS that exhibited P* < 1.0
was a blend of FPU/FO-POSS. For this blend, 8y = 91°, although the sprayed texture required 6. = 114°.
This exemplifies when the texture is sufficient to produce a SHS, but the chemistry does not exhibit low
enough surface energy.

and P* values were equivalent. Overall, choosing components that satisfy $* < 1.0 helps ensure
that the final surface will be durable, and choosing a sufficient filler content such that P* < 1.0

assures that the surface will exhibit a robust Cassie-Baxter state.

7.4 Durability of superhydrophobic surfaces

7.4.1 Mechanical abrasion

We utilized the industry standard of rotary Taber abrasion to evaluate the mechanical durability of
our sprayed binder/filler blends. The stresses generated by Taber abrasion can be found using a
cylinder-cylinder Hertzian contact mechanics analysis (Fig. 7.2a, Sec. 7.2.7 above)[13]. Depend-
ing on the elastic modulus of the coating, the exerted shear stress ranged from tens to hundreds of
kPa (Fig. 7.9a). Considering the porosity of the surface, the texture elements experienced shear
stresses on the order of a few MPa. This is similar or greater than the less systematic durability
characterization techniques employed in the literature[ 129, 146, 178, 179, 14, 182, 186, 190, 191,
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Figure 7.9: a, The shear stress experience during Taber abrasion as a function of depth into the coating. The
values were found using Hertzian contact mechanics (see Sec. 7.2.7). The inset shows the Taber abrasion
machine. b, Additional durability characterizations that the FPU + 15 wt% F-POSS coating could withstand
without self-healing.

192, 193, 194, 195, 141, 196, 197, 198, 199, 200]. For example, in a recent report[14], a durable
SHS was abraded with sandpaper along a total length of 800 cm, without degradation of high con-
tact angle. We reproduced such an evaluation for our FPU/F-POSS blend, which maintained high
contact angles, as well as low roll-off angles, even after 1 kilometer (100,000 cm) of abrasion using
the same sandpaper and applied load (Fig. 7.9b, 7.2b). Thus, we are confident that the surfaces
created in this work can also withstand other metrics of mechanical durability reported elsewhere.

One hundred Taber abrasion cycles sufficiently differentiated durable and non-durable SHSs,
i.e. non-durable surfaces were either completely removed, or water wet the remaining coating,
after 100 abrasion cycles. Only surfaces that exhibited 0rq;—ors < 15° after 100 abrasion cycles
are shown as green circles in Fig. 7.8. All such surfaces exhibited partial miscibility with the
hydrophobic fillers (0 < S* < 1.0). We then continued Taber abrasion of our partially miscible
blends (Table 7.4).

Table 7.4: Surface properties of the coatings developed in this work, before and after 100 rotary Taber abrasion cycles.

F-POSS Initial  Initial Initial 100 cycle 100 cycle 100 cycle 100 cycle
Base (%)  P* D3y 054, (O)0rcc () Ok _opp () Oy () Orec (O) ORoy_ o5y (°) mass loss (%)

NeverWet - 1.79 74 165 162 1 132 32 54 17

Ultra Ever Dry - 1.36 4. 161 152 1 155 0 90 14

Cytonix WX 2100 - 1.04 14 164 156 18 122 77 90 6
FPU (S* = 0.64) 0 1.84 7.2 115 66 55 - - -
FPU 1 099 143 106 67 90 106 63 90
FPU 3 149 255 121 66 90 122 78 76
FPU 5 031 1.5 148 112 62 151 102 75
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FPU 10 034 25 162 150 10 159 124 22 20
FPU 15 048 39 165 159 2 161 154 2 32
FPU 20 056 3.5 163 153 5 161 144 10 40
FPU 25 067 64 166 153 2 164 152 2 86
FPU 30 0.68 4.8 165 160 2 163 144 3 81
FPU 35 0.63 44 160 151 1 146 113 24 56
FPU-PG (S* = 1.06) 5 062 53 163 145 8 153 98 81 44
FPU-PG 10 057 82 161 152 7 158 116 57 40
FPU-PG 15 0.75 4.7 162 148 7 161 113 90 27
FPU-PG 20 0.74 5.6 164 151 3 159 123 40 26
PMMA (S* = 1.17) 0 1.06 5.1 155 0 90 - - - -
PMMA 2 0.76 5.5 160 83 14 135 0 90 109
PMMA 5 043 4.0 160 143 11 149 123 35 99
PMMA 10 058 34 163 153 7 159 128 24 104
PMMA 35 090 59 166 156 2 162 127 26 129
PMMA 50 0.86 4.2 164 156 0 127 84 63 100
SF-100 (S* = 0.74) 0 1.99 29 93 37 64 - - - -
SF-100 5 138 3 129 41 90 - - - -
SF-100 10 1.75 2.9 140 72 83 - - - -
SF-100 15 1.27 45 158 123 13 167 113 37 22
SF-100 20 1.01 3.8 163 157 1 165 164 1 55
SF-100 25 092 35 169 163 0 166 164 1 55
SF-100 35 0.60 7.0 167 159 2 145 107 34 38
PDMS (S* = 0.32) 0 1.88 3.8 123 45 90 - - - -
PDMS 15 0.73 54 154 119 47 158 137 10 20
PDMS 30 055 54 160 153 4 157 0 66 46
PFPE (S* = 0.46) 0 1.88 18.6 113 78 53 - - - -
PFPE 5 212 05 127 66 66 - - - -
PFPE 15 1.08 7.0 155 72 47 163 20 90 45
PFPE 25 055 3.7 156 147 7 163 142 8 33
PFPE 35 0.58 4.1 165 153 2 164 0 90 100
Vytaflex (S* = 1.60) 0 2.00 1.0 74 4 90 - - - -
Vytaflex 1 1.52 9.6 149 0 90 - - - -
Vytaflex 5 1.08 4.5 150 0 90 - - - -
Vytaflex 10  1.15 3.1 135 29 90 - - - -
Vytaflex 15  0.65 4.5 158 134 11 159 55 39 28
Vytaflex 35 055 5.2 160 150 2 161 130 17 -
PS 45 (S* = 48) 0 1.15 29.6 157 123 14 - - - -
PS45 15 060 19 157 131 14 156 114 37 26
PS45 25 058 14 155 142 15 152 111 38 14
PS12(S*=048) 15 094 85 159 153 0 - - - -
PIB (5*0.19) 0 1.27 193 118 61 90 - - - -
PIB 15 1.18 104 164 143 14 161 118 90 48
Araldite (S* = 0.23) 1.95 29 101 17 90 - - - -
Araldite 5 1.94 125 128 43 90 127 62 87 -
Araldite 15 1.39 1.0 137 43 90 132 69 90 3
Araldite 25  0.89 9.0 158 130 14 158 16 90 25
Desmophen (S* = 0.91) 0 1.43 419 85 49 90 - - - -
Desmophen 2.5 0.52 89 161 141 8 148 94 74 17
Desmophen 5 036 7.8 166 157 5 159 125 23 20
Desmophen 10  0.38 8.4 166 160 4 162 129 16 24
Desmophen 15 0.17 23 165 156 9 164 162 2 27
FO-POSS Initial  Initial Initial 100 cycle 100 cycle 100 cycle 100 cycle
Base (%)  P* Dy 074, O)0fce O)0hoy_op (O) Ongy (O) 0fcc (O) OFoy o p ¢ (°) mass loss (%)
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FPU (S* =0.44) 15 0.81 89 141 66 90 137 68 90 4

FPU 25 053 72 163 149 9 161 124 30 12
FPU 35 048 7.0 162 153 4 162 146 14 15
IB-POSS Initial  Initial Initial 100 cycle 100 cycle 100 cycle 100 cycle
Base (%)  P* Dl 054, (O)0fce O)0hoy op (O) Ongy (O) 0fcc O) OFpy o pp (°) mass loss (%)
FPU (S* =0.31) 25 041 5.1 165 130 15 140 75 90 9
FPU 30 031 49 164 144 5 165 132 15 17
Desmophen (S* =0.37) 25 052 57 139 57 90 129 46 90
Desmophen 5 0.36 8.6 158 96 81 137 46 90 8
Desmophen 10  0.35 6.6 164 142 13 160 66 90 20
Desmophen 15 038 7.8 163 139 14 150 91 61 16
Desmophen 25 0.28 5.8 165 148 8 165 136 15 21
Desmophen 30  0.27 5.8 166 151 10 165 155 6 24
Eicosane Initial  Initial Initial 100 cycle 100 cycle 100 cycle 100 cycle
Base (%)  P* D3y 054, (O)0rcc () 0k _opp () Oy () Orec (O) ORoy_ o5y (°) mass loss (%)
CNR (S* = 0.29) 0 2.00 18.3 93 78 90 - - - -
CNR 25 145 113 157 82 84 - - - -
CNR 30 1.00 35 162 87 71 - - - -
CNR 35 074 43 153 161 14 162 92 33
CNR 40 080 34 148 137 15 163 113 38 3
CNR 50 094 65 160 146 11 164 77 90 11

Desmophen: Desmophen 670BA; Vytaflex: Vytaflex 40.

We compared the durability of these systems to three commercially available, and purportedly
durable, SHSs (Fig. 7.10a). None of the commercial coatings maintained a low Oro;—off after
100 abrasion cycles. We extended the abrasion testing of our binder/filler blends exhibiting S*
> 1.0 and found them to be quite resilient to mechanical wear (Fig. 7.10b). Whereas all other
evaluated SHSs became wettable within 100 abrasion cycles, the non-wetting properties of our
surfaces fabricated from partially miscible, spray-coated blends endured significantly longer.

When blended with F-POSS, coatings incorporating the PFPE, SF-100, and FPU binders re-
mained superhydrophobic for up to about 400, 500, and 800 Taber abrasion cycles, respectively.
Combinations of the polyurethane Desmophen 670BA and IB-POSS, or the FPU and FO-POSS,
both exhibited Or.;—orr < 15° for =~ 800 cycles. In fact, all such systems only became wettable
once almost the entire coating was abraded away. For example, a 100 ym-thick FPU/F-POSS coat-
ing maintained Ogoy—orr < 15° even when > 90 pum of its thickness was removed. Note that the
coating mass loss was not linear with the number of abrasion cycles, as larger, massive aggregates
were removed first.

As further proof that partial miscibility is required for mechanically durable SHSs, we chain
extended the FPU by incorporating propylene glycol into the crosslinked network (Sec. 7.2). The
chain-extended FPU exhibited a three-fold increase in elastic modulus, and a 12% reduction in
mass loss during abrasion of the smooth binder (no filler), as compared to unmodified FPU. How-
ever, the increased number of urethane linkages altered the Hansen sphere for the crosslinked

network, changing the miscibility with F-POSS from $* ~ 0.6 to $* ~ 1.1. As such, whereas
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Figure 7.10: a, The roll-off angles for three commercially available SHSs and eight of the SHSs fabricated
in this work (§* < 1.0), initially and after 100 abrasion cycles. C: chlorinated rubber, F: FPU, D: Desmophen
670BA, S: SF-100, P: PFPE. b, The droplet roll-off angles for four representative, durable SHSs fabricated
in this work. The data for the propylene glycol chain extended FPU/F-POSS, and the self-healed FPU/F-
POSS, are also shown.

a sprayed blend of FPU + 15 wt% F-POSS (P* = 0.48) remained superhydrophobic after 800
abrasion cycles, a sprayed blend of the chain extended FPU + 15 wt% F-POSS (P* = 0.56) was
no longer superhydrophobic after only 100 abrasion cycles (Fig. 7.10b). This counterintuitive re-
sult emphasizes the fact that the binder with the correct miscibility 0 < S* < 1.0, not the most
mechanically durable binder, can yield the most mechanically durable SHSs. Moreover, the blend
of FPU/F-POSS also withstood a host of other potentially damaging exposures (Sec. 7.2). Af-
ter ultrasonication, a fluoro-solvent rinse, acid and base submersion, knife scratching, accelerated
weathering, ultraviolet exposure, and being held at 350 °C for 3 days, the coating always main-
tained Orou—ofr < 15° (Fig. 7.9b).

7.4.2 Abrasion does not induce superhydrophobicity

Although Taber abrasion was employed to remove surface features, we wished to verify that the
abrasion process was not itself causing our durable coatings to remain superhydrophobic. To do so,
we spin-cast nominally smooth films using the same solution as for the superhydrophobic, spray-
coated surfaces. Due to solvent evaporation effects, the surfaces were still somewhat rough (Fig.
7.11a,b).

For comparison, we sprayed pure FPU. We also measured the roughness of the abrasive CS-10
wheel. Over 5,000 abrasion cycles, we tracked the roughness (Fig. 7.11b) and contact angles (Fig.
7.11c) of the smooth coatings. If the abrasion process were imprinting the texture of the wheel into

the coating, several distinguishing features would arise. First, the roughness of the coating would
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Figure 7.11: a, Heightmaps of a smooth FPU + 15 wt% F-POSS film versus the number of Taber abrasion
cycles. b, Root-mean-squared height of smooth FPU + 15 wt% F-POSS, spin-cast from either Asahiklin-225
(AK) or Vertrel XF (XF). Smooth FPU without F-POSS, sprayed from CHCls, is shown for comparison,
along with the CS-10 wheel. c, The receding contact angle of the FPU + 15 wt% F-POSS coating, ei-
ther smooth or rough, as a function of abrasion. a-c support that the abrasion process was not inducing
superhydrophobicity.

eventually reach the roughness of the wheel. This was not the case, and the spin-cast films actually
became smoother than the wheel with increasing abrasion. Moreover, the pure FPU, which initially
displayed S, = 155 &= 70 nm, only increased to S, = 650 £ 100 nm after 1,000 abrasion cycles.
Both these experiments support the claim that the roughness of the wheel was not being imprinted
onto the coating.

To further prove that the abrasion was not inducing the water repellency, we also measured
0*... Should the smooth coating become superhydrophobic, there would be a drastic jump in 67,_.
In Fig. 7.11c we show that this did not happen, with only a statistically insignificant increase in
0r.. after 5,000 abrasion cycles. Thus, we are confident that the Taber abrasion process was not

fortuitously causing our FPU/F-POSS coatings to remain superhydrophobic.
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Figure 7.12: The roll-off angle for four binder/filler blends after self-healing, as a function of the number
of abrasion cycles.

7.5 Self-healing superhydrophobic surfaces

In the remainder of this work we focus on our most durable coating, the FPU binder blended with
15 wt% F-POSS. Due to the surface migration of F-POSS upon heating, and the elastomeric nature
of the FPU (7, < room temperature), the fabricated coating can both chemically and physically
self-heal. For example, the as-abraded coating maintained 0ro;—or ¢ < 15° up to about 800 abrasion
cycles. Beyond this, 0r.;—of ¢ increased with the number of abrasion cycles. But if the coating was
placed on a hotplate for a few minutes, the water repellency was easily restored (0 goi—orf < 95°,
Fig. 7.12).

With self-healing, the FPU/F-POSS coating maintained 0r.;—orr < 15° even after 4,000 abra-
sion cycles. This was expected after measuring the statistical properties of the surface after self-
healing, which always yielded P* < 1.0 (Fig. 7.13). Other blends created using different elas-
tomers, such as SF-100/F-POSS, FPU/FO-POSS, or Desmophen 670BA/IB-POSS, also exhibited
a self-healing nature. The self-healing and superhydrophobic nature of Desmophen 670BA/IB-

POSS system is notable because neither of the components contains any fluorinated species.

7.5.1 Chemical self-healing

The low surface energy of F-POSS causes it to migrate to the solid/air interface[44], imparting dif-
ferent binder/F-POSS blends with a robust, self-healing nature. For example, oxygen plasma,
which has the capability of hydrolyzing F-POSS[164], rendered the FPU/F-POSS coating hy-
drophilic within minutes (8* = 0°, although P* remained unchanged). However, upon heating,

the low surface energy was fully restored (Fig. 7.4a). We found that the time required for full
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Figure 7.13: The four statistical parameters characterizing the FPU + 15 wt% F-POSS spray-coated blend,
as a function of the number of Taber abrasion cycles.

superhydrophobic recovery decreased with increasing temperature, consistent with a diffusion-
controlled process. The coating maintained low 6r.;—oss When held at temperatures up to about
400 °C, the point at which F-POSS begins to degrade (Fig. 7.3). However, even when > 75% of
the mass had degraded, the coating maintained 0ro;—orr < 15°. We also repeatedly treated the
coating with O, plasma and found that the water repellency was fully recovered by heating even

after 10 successive treatments (Fig. 7.4b).

7.5.2 Pressure resistance

Even after mechanical wear, a robust SHS should also exhibit a large capillary resistance or break-
through pressure, P, defined as the pressure required to force a transition from the Cassie-Baxter
to the Wenzel state[26, 145, 33, 209, 210, 204]. Although the FPU/F-POSS coating maintained
P* < 1.0 over 5,000 abrasion cycles (Fig. 7.14a), indicating an energetically favorable Cassie-
Baxter state, a pressure-induced wetting transition is usually irreversible without some form of
energy input[26].

To evaluate the breakthrough pressure, we completely submerged our self-healed FPU/F-POSS

coating in a pressurized water tank and observed when wetting occurred. The breakthrough pres-
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Figure 7.14: Capillary resistance. a, The P* parameter as a function of the number of abrasion cycles
for the FPU/F-POSS coating after self-healing. The inset shows water droplets (dyed blue) displaying high
contact angle even after 5,000 abrasion cycles. b, The breakthrough pressure of the FPU/F-POSS coating as
a function of abrasion, after self-healing.

Figure 7.15: A water droplet, dropped from a height of 1.7 m, impacted the abraded region (4,000 abrasion
cycles) of the FPU/F-POSS coating at a velocity of 5.7 m/s. After breaking up, the satellite droplet bounced
at least four times after impacting the surface. The surface was tilted 1.5°.

sure of this coating was initially /, = 100 & 20 kPa, and never decreased below P, = 50 kPa, even
after 5,000 abrasion cycles (Fig. 7.14b). Remarkably, the pressure resistance increased to a maxi-
mum of P, = 310 kPa after 4,000 abrasion cycles, due to the decrease in S, with increasing abra-
sion. As such, even water droplets impinging the abraded surface at an impact velocity of 5.7 m/s
completely rebounded, leaving the surface dry (Fig. 7.15). In fact, the measured breakthrough
pressure of 310 kPa corresponds to a droplet impact velocity of V' = 25 m/s (Ppernouti = pV 2 /2,
where p is the fluid density), which is higher than the terminal velocity of a millimetric water
droplet in air. Whereas often SHSs only maintain high contact angle after mechanical damage,
the surfaces reported here preserve all their advantageous, water-repellant properties (high 6*,

Oroli—ofr < 15°, high P,), even after harsh mechanical abrasion.

7.5.3 Physical self-healing

The thermal recovery of low surface energy due to F-POSS migration will only result in a SHS if

the texture is also maintained. Although abrasion damages the texture of the FPU/F-POSS coating,
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we found that the abraded texture was still sufficient for superhydrophobicity (Fig. 7.14a). Further,
we also observed that the texture could be partially restored during the thermal treatment. For
example, after 1,000 abrasion cycles, the FPU/F-POSS coating exhibited S, = 2.6 gm. Thermal
recovery at 100 °C for 120 seconds increased this value to S, = 3.3 um (measured at identical

locations) (Fig. 7.16a). Thus, abrasion also slightly compressed the coating.
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Figure 7.16: Texture recovery. a, The self-healing properties of the FPU/F-POSS coating as a function
of time and temperature, after 1,000 Taber abrasion cycles. S; increased from 2.6 ym to 3.3 pm during
self-healing. b, The contact angle hysteresis for the FPU/F-POSS coating before and after thermal recovery
from compression, as a function of the compressive load. Note that the compressed coating’s Af decreased
with an increase in applied load because the surface became smoother after compression. All compressed
surfaces were fully wetted.

To further explore this, we subjected the coating to compressive stresses up to 350 MPa. Al-
though flattening the texture elements significantly reduced the coating’s porosity (P* ~ 2.0, Fig.
7.16b), such damage was reversible, and upon heating, the coating quickly recovered its original
porous state (P* ~ 0.6, Fig. 7.16b,7.17). Environmental scanning electron microscopy (ESEM)
allowed us to observe this self-healing in situ (Fig. 7.17b). As the compression set (percentage
of permanent strain after compression) of elastomers is typically non-zero, the use of elastomeric
materials in the fabrication of SHSs may be advantageous in terms of their ability to recover from

compressive stresses that remove their porous texture.

7.6 Conclusions

In summary, we have explored how miscibility between hydrophobic fillers and polymeric binders
allows one to control the formation of surface texture during spray coating, in order to fabricate

superhydrophobic surfaces. The $* parameter quantifies the miscibility between the two sprayable
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Figure 7.17: a, Height maps of the FPU/F-POSS coating after 150 MPa compression, as a function of
recovery time at 100 °C. b, The recovery of the texture was also imaged in sifu using environmental scanning
electron microscopy.

components, and the P* parameter characterizes the stability of the non-wetted state. Superhy-
drophobic surfaces should be designed such that $* < 1.0, to afford mechanical durability, and
P* < 1.0, to provide a robust non-wetting state. Utilizing these two design criteria, we have
fabricated superhydrophobic surfaces with unprecedented mechanical durability. Some of these
surfaces also exhibited a self-healing nature, both chemically and physically, and were able to
fully recover their superhydrophobicity after a wide variety of extreme chemical and physical ex-
posures. These surfaces, and the design parameters used to develop them, may find immediate
usage in a wide range of academic and industrial sectors across the globe. One usage, which
had previously been limited by the durability of superhydrophobic surfaces, is drag reduction is

turbulent flow. This is the topic of the following chapter.
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CHAPTER 8

Design of Superhydrophobic Surfaces for Drag
Reduction in Turbulent Flow

8.1 Introduction

The current environmental crisis demands new innovations, capable of reducing our dependence on
fossil fuels. In 2012, the U.S. alone used over seven billion gallons of fossil fuels to power marine
vessels[211]. Marine fuel consumption is predicted to double between 2010 and 2030[212], and
nearly 60% of this fuel will be expended to overcome frictional drag[49]. As such, methods that
can effectively reduce the drag on marine vehicles will have an enormous, worldwide impact,
both economically and environmentally. Current technologies, such as riblets, polymers, or air-
layer drag reduction, have yielded only modest (5 — 20%) reductions of total drag, or require
significant mass and/or energy inputs[213, 214, 215]. Therefore, there continues to exist a strong
need to develop methods for significantly reducing drag in conditions of naval relevance, i.e. high-
Reynolds number, turbulent flows.

A large body of work has shown consistently that superhydrophobic surfaces (SHSs) can
effectively lower frictional drag in laminar flow[216, 217, 218, 219, 220, 221, 32, 222, 147,
223, 224, 34, 225]. However, the extension of friction drag reduction to wall-bounded turbulent
flows, i.e. many that are relevant to mechanical, naval, and hydraulic infrastructure, has not been
straightforward[213, 216, 217, 218, 226, 227, 228, 229, 230]. Both the efficacy and mechanism
of these potentially drag-reducing surfaces have been previously debated[217, 228, 231, 232, 15].
Herein we elucidate the physical properties that enable a SHS to reduce drag in turbulent flow.
We then utilize some of the scalable and mechanically robust SHSs fabricated in Chapter 7 to
achieve significant friction drag reduction in fully-developed, turbulent channel flow, at the highest
Reynolds numbers evaluated to-date.

Recall that SHSs entrap air pockets within their texture elements. When liquid flows over a
solid surface, the usual boundary condition assumed is that the velocity of the liquid must match
the velocity of the solid[219] (Fig. 8.1).
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Figure 8.1: Slip on SHSs. a, A schematic of the three phase interface that can form on a superhydrophobic
surface. b, Above the solid surface, the velocity of the flow at the wall must go to zero to match the solid.
However, over the air pockets, the velocity can be non-zero, creating a slip velocity and a corresponding slip
length.

This is typically referred to as the no slip’ boundary condition. However, SHSs possess a
fraction of air (1 — ¢;) at the liquid interface (where we recall that ¢ is the solid fraction from
the Cassie-Baxter equation, Eq. 1.6), which can have a non-zero interfacial velocity. Navier first
proposed a slip velocity, ug, in 1823, where he suggested that the shear rate at the wall was propor-

tional to u,[45]. For a two-dimensional flow, this can be described by,

Wn=0 w2 (8.1)

dy dy

where u, v, and w are the velocity components in the streamwise (x), wall-normal (y), and span-

Us = Mg

wise (z) directions, and ); is the slip length along direction ¢ (see Fig. 8.1b). Thus, SHSs can
produce slip at the interface through the incorporation of entrapped air. Because less energy is lost
to frictional dissipation, a non-zero u, indicates a reduction in drag at the solid-liquid interface.
For laminar flows, the drag-reducing ability of SHSs has been confirmed experimentally and com-
putationally; see the recent review by Rothstein[219]. Depending on the fraction of air (1 — ¢y),
drag reduction as high as 99% has been previously achieved[233].

However, the ability of SHSs to afford drag reduction in turbulent flow is not well-characterized
[213, 216, 217, 218, 226, 227, 228, 229, 230]. Whereas small, micro-fabricated surfaces have
shown drag reduction anywhere from 10%[225, 227] to 50%[226, 229], large, scalable SHSs have
resulted in drag increase[213, 217, 228], no change[217, 228, 234], or around 10% to 30% drag
reduction under certain conditions[213, 228, 234]. In turbulent flow, there is an interaction between
the near-wall region and the buffer region. The former is known as the viscous sublayer, which is
dominated by viscous shear stresses, while the latter is dominated by turbulent momentum transfer
(Fig. 8.2)[15].

This interaction may be modified when micro-features are added to a surface. Additionally,

significant momentum transfer is expected in the viscous sublayer due to the presence of the dis-
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Figure 8.2: A schematic of the turbulent boundary layer that exists very close to the wall of a body in
turbulent flow[15]. Uy, is the mean velocity far away from the surface.

parate liquid-air and liquid-solid interfaces causing mixed slip/no-slip boundary conditions that
can exist on textured surfaces. These near-wall flows are complex due to the many turbulent
structures, eddies, and vortices that dominate the momentum transfer in the buffer region[173].
Moreover, while slip in the direction of flow (us; # 0) can result in drag reduction, slip in the
spanwise direction (w; # 0) can increase the intensity of these turbulent structures, causing a
drag increase[227, 235, 236]. As a result, surfaces that reduce drag in laminar flow, where these
additional flow features are absent, are not guaranteed to continue reducing drag when exposed
to turbulent flow. Table 8.1 summarizes the previous attempts to characterize drag reduction in
turbulent flow.

As shown in Table 8.1, many of the previous studies have not reported contact angles, or only
reported 6%, providing no information on A#*. From a materials point of view, there are few guide-

lines regarding how surfaces should be fabricated so as to maximize the drag reducing potential

*

*.. has been considered sufficient to

of a SHS in turbulent flow. Typically, reporting 7, and 0
describe a SHS. However, here we show that determination of these angles is necessary, but may
not be sufficient, to describe surfaces capable of reducing drag in turbulent flow. Fully-turbulent,
high-Reynolds number flows create large pressure fluctuations and high shear stresses. Such large
surface pressures can displace the entrapped air pockets of a SHS if its capillary resistance is low
i.e. only a small pressure is required to transition from the Cassie to the Wenzel state. Similarly, the
high shear stresses can mechanically damage and detach any fragile texture elements of the SHS,
again removing the entrapped air. Insufficient mechanical durability is one reason SHSs have pre-
viously not shown sustainable friction reduction in turbulent flow[213, 217, 228, 34]. Regardless,
even if the air remains within the texture elements of a SHS, the surface may still not reduce drag

if the texture is not designed correctly[213, 217, 15], as we explain in Sec. 8.1.1 below.
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Table 8.1: Previous studies on drag reduction in turbulent flow with corresponding geometry of surfaces,
apparent contact angles and contact angle hysteresis reported, lengths of the tested surfaces, and range of
friction Reynolds numbers evaluated (Re, = H/25, = §/6,), where H is the channel height, ¢, is the
viscous length scale and ¢ is the boundary layer thickness. The observed drag reduction (positive) or drag

increase (negative) is also tabulated.

Length Observed drag
Ref. Geometry o* AG* (cm) Re, reduction
Park et al.[230] Ridges - - 2.7 250 0% - +70%
Gogte et al.[237] Random 156° - 4.3 40 - 288 +3% - +18%
Jung et al.[216] Posts 173° 1° 6 0-18 0% - +30%
Woolford et al.[227] Ridges 160° - 8 3-100 7% - +11%
Bidkar et al.[213] Random 155° - 15 1,000 - 5,000  -13% - +30%
Henoch et al.[229] Posts, Ridges - - 20 150 - 600 0% - +50%
Tian et al.[238] Random 161° 0.9° 20 784 +10%
Lu et al.[239] Random 151° 0.9° 24 0-66 0% - +53.3%
Watanabe et al.[218] Random 140° - 43 - 0% - +15%
Peguero et al.[240] Random, Posts - - 43 200 -50% - +40%
Hokmabad et al.[234] Random 165° - 50 2,530 0% - +15%
Srinivasan ef al.[225] Random 161° 0° 60 480 - 3,810 0% - +22%
Zhao et al.[217] Random - - 80 1,700 - 3,300 -5% - +9%
Daniello et al.[226] Ridges - - 100 100 - 300 0% - +50%
Aljallis ef al.[228] Random 164° 5° 122 520-5,170 -30% - +30%
This work Random Fig. 8.3b  Fig. 8.6 120 215 - 950 -90% - +90%

8.1.1 Form drag on wetted texture elements

As the pressure increases on a SHS, the liquid-vapor interface moves into the air pockets, partially
filling the surface texture, thereby increasing ¢, and perhaps r4, depending on the surface geom-
etry. According to Eq. 1.6, * must then decrease (Fig. 8.3a). This has two critical implications.
First, the ¢, extracted from conventional measurements of 6%, or 6., may be significantly differ-
ent from the ¢, in a turbulent flow. Second, the wetted aggregate features that protrude into the
flow, i.e. 1405, may cause form drag[213, 241, 242, 243, 244], increase turbulent mixing, and/or
enhance turbulent structures[173], all which could negate any skin-friction drag reduction, result-
ing in a net increase in drag. Thus, only contact angles measured at the pressures expected during
turbulent flow are relevant to turbulent skin-friction drag reduction (Fig. 8.3b).

The Laplace pressure, P, within a water droplet is given by P, = 2. /R, where R is the
radius of the droplet. By decreasing the size of the droplet used to measure contact angles, the
values of 74 and ¢, at higher pressures can be determined. Moreover, by measuring the exact
surface topography, the size and shape of every wetted texture element can be calculated once the

meniscus location under pressure is known. The form drag on each texture element may then be
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Figure 8.3: a, the location of the meniscus for surface #2 at low pressure (conventionally used to measure
contact angles) and at higher pressure. The height maps are 2.5 x 2.5 mm. b, 6* as a function of pressure
for the four surfaces considered in this work. The lines are power law fits to the data. The insets show
goniometer images of droplets on surface #1 (below) and #3 (above).

approximated by[173],
1
Fp = §pU2ACd (8.2)

where p is the density of water, U is the average flow speed in the vicinity of the texture element,
A is the element’s projected area in the flow direction, and C; is the drag coefficient based on the
geometry of each element. On a SHS, if the sum of the forces due to form drag on the protruding
texture elements exceeds the drag reduction due to the presence of the trapped air pockets, a net
drag increase will result. This drag increase is a direct consequence of the meniscus height at pres-
sure, and is independent of the ¢, /0%.. measured at low/atmospheric pressure. Computationally
it has been shown that surfaces with ¢s ~ 0.1 exhibit the highest form drag in the fully wet-
ted case[242, 244]. Moreover, the largest texture elements produce disproportionately high form
drag[241, 243]. As such, designing SHSs that will not cause significant form drag in turbulent flow

is non-trivial and has rarely been investigated[213, 234].

8.2 Materials and methods

8.2.1 Surface fabrication

Surface #1 consisted of an 80/20 wt% blend of a fluorinated polyurethane (Helicity Inc.) and
fluorodecyl polyhedral oligomeric silsesquioxane (F-POSS). F-POSS was prepared by condensing
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1H,1H,2H,2H-Heptadecafluorodecyltriethoxysilane (Gelest Inc.) as previously reported[134]. The
polyurethane was crosslinked using 3.4 wt% 4,4-Diisocyanato-methylenedicyclohexane (Wanhua
Chemical Group Co.) All three above components were dissolved in Vertrel XF (Chemours) at
an overall concentration of 200 mg/mL. The mixture was sonicated until it became completely
transparent, approximately 30 seconds. 40 mL of the solution was sprayed onto a 1.2 m x 0.1 m
stainless steel substrate using an ATD Tools 6903 high volume-low pressure spray gun with com-
pressed air at a pressure of 20 psi. The sample was then cured at 80 °C for 72 hours. SEMs of

surfaces #1 - #4 are shown in Fig. 8.4.

Figure 8.4: SEM micrographs of the four SHSs produced in this work.

Surface #2 consisted of a 50/50 wt% blend of superglue (SF-100, 3M) and F-POSS. The two
components were dissolved at a concentration of 50 mg/mL in Asahiklin-225 (Asahi Glass Co.)
and sprayed using the same procedure as for surface #1. Surface #2 was cured at 50 °C for 60
minutes. The morphology of this system was altered in the following manner. To increase asperity
roughness, a total spray solution of 120 mL was used. To decrease asperity roughness, the spray
gun was replaced with a Paasche airbrush, as described previously[138]. SEMs of the three variants
of surface #2 and shown in Fig. 8.5.

Surface #3 consisted of a 65/35 wt% blend of the same fluorinated polyurethane as surface #1,
along with fluoro-functionalized silica particles, approximately 50 - 100 nm irregular aggregates,
the synthesis of which is reported elsewhere[245]. The two components were dispersed at a con-
centration of 25 mg/mL in Vertrel XF and then 20 mL was sprayed following the same procedures
as surfaces #1-2. The surface was then cured at 80 °C for 72 hours.

Surface #4 consisted of aluminum (Al) metal that was etched, boiled and subsequently func-
tionalized with a fluoro-silane. The following procedure was modified from a previously reported
technique[246]. Al sheets (McMaster) 8 in x 4 in x 1/8 in were first etched in 2.5 M HCI (Fisher
Scientific) for 20 minutes. Following etching, the samples were sonicated to remove residual Al
flakes adhered to the surface. The etched Al was then boiled in deionized water for 20 minutes.
Finally, the surface was exposed to 1H,1H,2H,2H-Heptadecafluorodecyl triethoxysilane (Gelest
Inc.) vapors overnight at 80 °C under vacuum. To span the full channel length, 5 sheets were tiled

together.
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Figure 8.5: Modifying surface #2. In order to change the form drag associated with surface #2 (b), the
texture was slightly modified to either decrease (a) or increase (c) surface roughness. Large asperities can
be seen for the rougher variant, whereas these were absent in the less rough version of surface #2.

8.2.2 Wettability analysis

Static contact angles were measured using a Ramé-Hart 200 F1 contact angle goniometer with
water droplets of decreasing volume (25 pL to 0.25 pL). Contact angle hysteresis was measured
by increasing or decreasing the volume of water on the surface for the low pressure measurement.
For the higher pressure measurement, small volume (250 nL to 6 uL) droplets were deposited onto
the SHS using a low-volume pipette. The surface was then tilted until the droplet rolled off the
= f*

rec*

surface. Here we assume 0* = §*  and 6*

mazx adv min

for four of the surfaces developed in this work are shown in Fig. 8.6.

The advancing and receding contact angles

8.2.3 Surface imaging

Scanning electron microscopy (SEM) was performed using a Phillips XLL.30 FEG. Samples were
first sputtered with a gold-palladium mixture to avoid charging. Surface profilometry was per-
formed using an Olympus LEXT interferometer with a step size of 1.25 pm and an overall scan
area of 2.5 x 2.5 mm. A minimum of three locations were averaged. Surface statistics were cal-
culated as outlined in Chapter 7, Sec. 7.3.2. Note that in the fluid mechanics community, the root
mean squared roughness is typically denoted as k. We will use this convention, noting that & = 5,

from Chapter 7.

8.2.4 Flow facility

8.2.5 Form drag estimation

The form drag was calculated using a custom MATLAB script as follows. The Cassie-Baxter

relation was satisfied by taking a contour slice (the meniscus) from height-maps obtained using a
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Figure 8.6: Contact angle hysteresis at higher pressure. The advancing and receding contact angles for the
four superhydrophobic surfaces reported in this work are shown as a function of droplet Laplace pressure.
The closed symbols were obtained using the maximum/minimum contact angle observed before a droplet
rolled off the surface. The open symbols were obtained using the conventional goniometric technique.

An arbitrary pressure of 50 Pa was chosen for the conventional technique for ease of reading, and is not
indicative of the size of the droplets used.
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Figure 8.7: Justification for triangular aggregates. The calculated projected area of each aggregate protrud-
ing into the flow for surfaces #1 (a) and #2 (b), normalized by its actual area. By using different geometrical
area formulae, it was apparent that triangles represented the data quite accurately (as evidenced by a value
of unity on the abscissa). Thus, for our form drag calculations on each asperity, Cp = 0.5 was used in Eq.
8.2.

LEXT interferometer. When the meniscus height resulted in a value of r4¢, that corresponded to
the desired contact angle (found to be a function of pressure based on contact angle measurements),
each texture element above the meniscus was analyzed. The height and area were recorded and the
drag coefficient of the texture elements was determined to most closely match a triangular asperity
(Fig. 8.7). The fits from Fig. 8.3b allowed the form drag to be approximated based on pressure
and contact angle alone. Other statistical quantities were extracted from the height-maps such as

the root-mean-squared roughness, k.

8.2.6 [Experimental flow facility

The four SHSs are mechanically durable (Fig. 8.8), easy to fabricate, and were applied over areas
of 1.20 m x 0.10 m, an order of magnitude larger than most other SHSs previously tested[213,
216, 226, 229, 230] in fully-developed turbulent flows (Fig. 8.9a). We evaluated the skin-friction
of the four SHSs in a fully-developed turbulent channel flow (Fig. 8.9b) at various flow speeds
using pressure drop measurements and Particle Image Velocimetry (PIV). PIV data was processed
using Lavision from DaVis.

Two noteworthy characteristics of channel flow prove efficacious when compared to zero-
pressure gradient flows for the fundamental evaluation of skin-friction in turbulent flow, and par-
ticularly, for the development and characterization of SHSs for drag reduction. First, channel flows
are internal and have a confined outer length scale (channel height /4 or boundary layer thickness
d = H/2), which is fixed by the opposing walls. In zero-pressure gradient flows the outer length
scale () is unrestricted and grows as a function of distance along the surface. A fixed outer length
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Figure 8.8: a, To evaluate the mechanical durability of our SHSs, we subjected our surfaces to high-
speed flow in hour increments, from 2 m/s up to 10 m/s. This corresponded to a height-based Reynolds
number of Regy = 20,000 up to Reg = 80,000. After each speed, the root-mean-squared roughness, k,
was measured to ensure that the surface remained intact. The inset height-maps above measured 1.3 x
1.3 mm. b, The mechanical durability was also assessed by subjecting our most drag-reducing surface, the
less rough variant of surface #2, to rotary Taber abrasion. Three commercially available, and purportedly
durable, superhydrophobic surfaces were tested for comparison. The contact angle hysteresis, measured
conventionally (low pressure measurement), drastically increased only for the commercial coatings, as they
became damaged.

Figure 8.9: a, The four surfaces fabricated in this work, sprayed onto 1.2 m-long substrates. b, The closed-
channel flow facility developed for the skin-friction evaluation in this work.
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scale eliminates the dependence of the spatial location on scaling, and results in the scaling being
primarily dependent on the bulk-flow variables. Second, channel flow facilities simplify the de-
termination of frictional drag by measurement of the pressure drop for a fully-developed turbulent
flow. Pressure drop analysis offers the simplest, and perhaps, the most widely utilized method of
measuring skin-friction for internal flows. Schultz and Flack[247] provide a thorough discussion
of Reynolds-number scaling for turbulent channel flow and ultimately conclude, ’channel flow
results show Reynolds-number scaling trends that are consistent with recent experimental results
from pipe and boundary layer flows’. Our channel’s height-based Reynolds number (Rey) ranged
from 10,000 to 30,000, and was calculated using,

UnH

v

Rey = (8.3)

Here v is the kinematic viscosity of water and U, is the streamwise mean flow speed, determined
from the volumetric flow rate, and verified with PIV of the entire flow field. PIV was conducted in
the x-y mid-plane of the channel, 95/ downstream of the channel inlet. As many as 1,200 image
pairs were captured, analyzed, and averaged with commercial processing software.

For our system, drag reduction is defined as,

(Cf)baseline - (Cf)SHS

DR(%) =2 x 100
( O) (Cf)baseline

(8.4)

where (Y is the skin-friction coefficient. The skin-friction was inferred from the streamwise pres-
sure gradient (dP/dz) along one SHS and one baseline (hydraulically-smooth, k™ < 1.0) surface
in a fully-developed turbulent flow channel measuring 1.2 m (L) x 0.1 m (W) x 0.0073 m (H).
The height of the channel was nominally 0.0073 m. However, the presence of the SHS, in addi-
tion to systematic error associated with reassembling the test section for each surface evaluated,
caused the height to vary by as much as 0.1 mm. As such, the height of the channel was carefully
measured at no less than five locations along the length of the test section using a set of precision
gauge blocks. The resulting heights for each test were recorded, averaged, and used to analyze the
performance of the SHS. Any anomalies were noted and corrected prior to testing. The error in
the height measurement was estimated to be +-0.05 mm. The pressure drop was measured over a
0.5 m span (70H), starting approximately 50H from the channel inlet, and was used to determine

the average local wall-shear stress (7,,) and wall-shear velocity (u.,) as,

HdP
R (8.6)
p
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Figure 8.10: Average wall shear stress calculated from the streamwise pressure drop along the fully-
developed turbulent channel with one baseline, hydraulically-smooth surface and one SHS. The reduction
in shear stress was only observed for some of the SHSs.

The skin-friction coefficient is then given by,

TUJ
Cr =07

(8.7)

The factor of two in Eq. 8.4 arises as only one of the two channel walls is a SHS. This is equiv-
alently the local skin-friction drag reduction on the SHS, whereas dP/dx is the average pressure
drop along the channel with one SHS surface and one hydraulically-smooth surface. A similar
scaling was observed by Daniello ef al. using micro-fabricated, parallel ridges[226]. They ob-
served ~ 25% drag reduction in their channel using one SHS and one smooth plate, and =~ 50%
drag reduction in their channel using two SHSs. However, we note that the wall shear stresses
measured here, for which drag reduction was still observed, are an order of magnitude greater than
that of Daniello et al. (Fig. 8.10).

The friction on the two sidewalls was neglected due to their small areas and negligible influence
on the mean flow properties at the center of the channel[247, 248]. Moreover, local wall shear stress
along the top wall of the channel was derived from a simple control volume, constructed along the
fully-developed, two-dimensional flow region in the center of the channel. A conservation of
momentum analysis of this control volume indicated that shear on the side-walls was negligible.
Lastly, although including the side-wall shear would provide a better idea of the overall frictional
loss through the duct, this differs from the local shear along the SHS, and would not be pertinent

for turbulence scaling arguments.
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Figure 8.11: Experimental and calculated C'r values for surfaces #1 (left) and #2 (right). The calculated
Cr includes the skin-friction expected for a hydraulically smooth flat plate as well as the total form drag
due to any asperity roughness. The experimental C7 includes both asperity form drag and the skin-friction
drag on the SHS. Therefore, these surfaces may still be producing skin-friction drag reduction locally, but
the effect was mitigated by the overall increase in form drag.

8.3 Results and discussion

8.3.1 Friction coefficients

None of our SHSs were wetted following the high-Rey flow testing, i.e. there was no loss of
entrapped air. However, surfaces #1 and #2 increased the overall measured drag coefficient, Cp
(Fig. 8.11),

Cr =Y Clomm+Cy (8.8)

where C,,p, is the form drag on an individual texture element protruding into the flow, calculated
using Eq. 8.2 as in Sec. 8.1.1. Thus, although the entrapped air pockets of surfaces #1 and #2
provided a shear-free interface, the overall wall shear was increased (Fig. 8.10).

On the other hand, surfaces #3 and #4 showed significant drag reduction, as high as 34% at
a Reynolds number of Rey = 19,000 (Fig. 8.12). For surfaces #3 and #4, the wall shear was
significantly lower than that experienced by a hydraulically smooth baseplate. Using our form
drag calculations, these results were anticipated. The drag reduction was both sustainable over
hours of continuous high-speed flow (Rey ~ 30, 000), and repeatable even after months separating
successive runs of the same SHS. To date, in fully-developed turbulence, i.e. where the necessary
fluid-flow development length (> 50H) requires the fabrication of large surfaces, scalable SHSs
capable of reducing drag had not been evaluated.

To demonstrate the effect of roughness-induced friction, we slightly modified the fabrication
methodology of surface #2 (Fig. 8.5) to either increase or decrease the expected form drag. To

increase asperity roughness, the total volume of sprayed solution was doubled. This surface is
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Figure 8.12: Experimental and calculated C'r values for surfaces #3 (left) and #4 (right). The calculated
Cr includes the skin-friction expected for a hydraulically smooth flat plate as well as the total form drag due
to any asperity roughness. The experimental C'r includes both asperity form drag and the skin-friction drag
on the SHS. The local asperity roughness on these surfaces was low enough that significant drag reduction
was observed.

denoted surface #2 (rougher). To decrease asperity roughness, the spray gun was replaced with
an airbrush with a much finer nozzle[138], resulting in smaller texture elements, and is denoted
surface #2 (less rough). All three variants of surface #2 displayed 8* = 165 + 3° and Af* < 2°, at
ambient pressure.

The resultant surfaces, with identical surface chemistry, but slightly different texture, were
expected to produce drastically different form drag. When exposed to flow, the rougher variant
of surface #2 increased the wall shear and form drag significantly (Figs. 8.10, 8.13). Conversely,
the less rough variant of surface #2 produced large amounts of drag reduction. The drag savings
measured in the channel were in excess of 60% at lower Reynolds number, and spanned 26% to
90% for the investigated Reynolds numbers ranging from 9,500 to 18,000 (decreased savings with
increased speeds). Note that, in our channel flow, for U,, = 1 m/s, the mean pressure is P, ~ 600
Pa. For U,, = 5 m/s, P,, = 9,400 Pa, highlighting how increasing Re can drastically alter the
pressure exerted on the SHS. Regardless, it is clear that even before the surface was exposed to
flow, calculating the form drag caused by wetted texture elements could be used to predict the
drag-reducing efficacy of each SHS a priori.

The calculated C'r values combine the expected drag on a smooth plate[248] plus any addi-
tional form drag caused by the wetted roughness elements of the SHS. In contrast, the measured
drag coefficients are the summation of any form drag due to surface roughness (C, ), plus the
frictional drag on the mixed slip/no-slip boundary condition SHS. For SHSs, the latter term could
be significantly less than the frictional drag experienced on a smooth, no-slip surface. In this case,
our calculated drag coefficients (open symbols, Fig. 8.11-8.13) would be much higher than the

measured drag coefficients, as was observed for surface #1 (Fig. 8.11a) and the rougher variant
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Figure 8.13: Three variations of surface #2, exhibiting either significant form drag, or significant drag
reduction. Open symbols are the calculated C'r values and closed symbols are the experimental data. The
baseline is for the unmodified surface #2.

of surface #2 (Fig. 8.13). Thus, deviation between measured and calculated drag increase most
likely indicates surface slip (which decreases drag) that was mitigated by surface roughness (which
increases drag). In fact, form drag due to large, sparse (¢, < 0.2) features has been shown to be
the major component of total friction for certain texture geometries[241, 242, 243, 244]. When the
form drag did not wash out the decrease in frictional drag due to slip, drag reduction was observed
(Fig. 8.12,8.13).

8.3.2 Scaling laws

The effect of the roughness was further examined through the results of the mean velocity profile
in the fully-developed channel flow (Fig. 8.14). The PIV analysis of the hydraulically-smooth,
baseline channel is shown to be in good agreement with the mean velocity profiles from the direct
numerical simulations (DNS) of Kim et al.[16]. However, significant deviation was observed
when reviewing the results from the variations of surface #2. Specifically, the maximum flow
speed, which is typically located along the centerline of a symmetric, fully-developed channel,

shifted towards the hydraulically-smooth baseline surface (y = 0) as the roughness of the SHS
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Figure 8.14: Velocity profiles measured over the baseline and the variations of SHS #2. Significant reduc-
tion in the velocity occurred in the presence of the roughness elements on the rougher surface variations.
DNS data from Kim et al. (1987)[16] is included for reference purposes.

increased. From the streamwise conservation of mass and momentum, this necessarily dictated
that the fluid speed decreased near the rough’ wall, and consequently, the interaction with the
roughness elements was increased. Ideally, if the roughness elements are small compared to the
purely viscous sublayer, which is typically defined as five times the viscous length scale ,, = v /u,,
no drag increase is expected. This was observed with the less rough variant of surface #2. However,
if the roughness elements are large enough to extend beyond the viscous sublayer, roughness effects
will become significant, as seen with surface #2 and its rougher variant.

Several researchers have attempted to limit the allowable root-mean-squared roughness, %, of
SHSs that are capable of producing turbulent drag reduction. By non-dimensionalizing with the
viscous length scale, 9, values of k™ = k/4, = 0.1[232], 0.5[213] and 1.0[249] have been
proposed as limits for providing drag reduction. In this work, we observed drag reduction as high
as 8% when kT = 0.95, and a drag increase of 19% even when k™ = 0.11 (Fig. 8.15).

We found that a surface’s contact angle hysteresis, measured at higher pressure (A#*F), ex-
plained this unexpected observation (Figs. 8.6, 8.16a). Whereas the conventional measurement of
AG* always resulted in Af* < 3° for all our surfaces (open symbols, Fig. 8.6), the higher pressure
measurement varied drastically between surfaces that increased or decreased drag (closed symbols,
Fig. 8.6). The product of k™ and A#*F collapsed all our drag measurements onto a single curve
(Fig. 8.16). A similar collapse of the data was observed with the product of £ and the wetted

solid surface area, r4¢;. Note that these are empirical scaling laws, and products of other relevant

*
adv)

quantities (k, 0%, 0% .. 07.., ¢s, etc.) did not produce a collapse of the measured drag reduction.
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Figure 8.15: The drag reduction or increase (negative means drag increase) provided by all the surfaces
considered in this work, as a function of the non-dimensional roughness, k*. The drag associated with the
smooth baseplate has been removed.

It is perhaps unsurprising that the measured drag reduction using SHSs was dependent on

both wettability and flow characteristics. A§7F

gives some indication of the stability of a SHS’s
entrapped air pockets, but says nothing about how the flow will interact with these air pockets or the
texture elements entrapping them. Conversely, k™ designates if the roughness features will interact
with the viscous sublayer, but gives no indication as to how much of the roughness the flow will
see (i.e. where the meniscus will lie). For example, consider the nanograss evaluated in turbulent
flow by Henoch et al., which consisted of nano-posts with diameters of 400 nm and heights of
7 pm[229]. If the height of such posts was arbitrarily increased, k™ would become extremely
large. However, the flat meniscus pinned on the top of these posts ensures that the flow would be
oblivious to this additional roughness. Moreover, in laminar flow, in which roughness effects are
often negligible, minimizing A6* has been shown previously to maximize drag reduction[250]. We
extend this finding to turbulent flow, with two additional stipulations: the pressure, and the surface
roughness, must also be considered. Thus, it is clear that to maximize friction drag reduction in
turbulent flow, SHSs should be designed such that both &+ and AG#* are minimized. In this work
we only observed a reduction in friction when kT AGHP < 5.5 £+ 0.3.

As a final note, we emphasize that the drag increase caused by SHSs with large £ is somewhat
unexpected. A surface is considered hydrodynamically smooth when £* < 5.0[111]. Only when
k™ > 60 is the surface considered fully rough[173]. A fully rough surface will exhibit a drag

coefficient independent of Reynolds number. Quite remarkably, we observed such a trend for
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Figure 8.16: New scaling laws. The drag reduction data collapsed onto a single curve when plotted versus
the product of the non-dimensional roughness, kT, and the higher-pressure contact angle hysteresis, AG7¥
(370 Pa for a 250 nL droplet) (left) or ry ¢, (right).

surfaces #1, #2 and the rougher variant of surface #2, although for all Reynolds numbers tested,
kT < 4.5. Some explanation can be found in the computational work of Jelly et al.[236]. They
found that over 70% of the friction on the regions of no-slip (wetted solid surfaces, r4¢,) was a
direct result of the presence of the slip regions (air pockets, 1 —¢;). Thus, the deleterious roughness
effects of SHSs with £* > 1.0 may be amplified by the entrapped air pockets. Moreover, as Min
and Kim have computed[235], and Woolford et al. have experimentally confirmed[227], entrapped

air pockets that produce spanwise slip unambiguously increase drag.

8.4 Conclusions

In closing, we have fabricated scalable, mechanically robust, superhydrophobic surfaces that sig-
nificantly reduced skin-friction, by more than 50%, in high-speed turbulent flows such as those
relevant to many naval applications. We did so by fabricating SHSs that minimize the product
of the non-dimensional roughness, k&, and the contact angle hysteresis measured at higher pres-
sure. Only by considering both the wettability and the flow-dependent characteristics of a SHS can
turbulent drag reduction be achieved. The conventional characterization techniques for SHSs are
lacking, and will not predict if and when a surface can produce turbulent drag reduction. How-
ever, when designed correctly, the potential energy and fuel savings achievable with the surfaces
described here could have a significant impact on the efficiency of marine vehicles and systems
around the world.
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CHAPTER 9

Summary and Future Outlook

The purpose of this dissertation was to understand and design surfaces that could repel both solid
and liquid foulants. In the first half of this body of work, we discussed several new methods for
reducing ice adhesion. We first looked at elastomeric coatings, and how crosslink density affects
ice adhesion. We then investigated the surface property of interfacial slippage, and we derived a
theoretical model to predict the ice adhesion of surfaces exhibiting interfacial slippage in Chapter 3.
We discovered that even high modulus, linear polymers can be rendered icephobic through proper
interfacial design. Chapter 4 investigated the ice adhesion of large surfaces, and we uncovered how
interfacial toughness can lead to a brand-new type of low-ice-adhesion material.

Although we briefly discussed the repulsion of other solid foulants in Chapter 5, there is much
work to still be done using the mechanisms uncovered in the first few chapters of this thesis. Bio-
fouling remains a hugely prevalent problem today, and it’s likely, but not proven, that the funda-
mentals delineated in this work can be applied to bio-foulants. Ice, for the most part, is a relatively
simple solid adherent in terms of its mechanical properties and homogeneity. Bio-foulants come
in all shapes and sizes, adding levels of complexity to an already complex problem. Ice adhesion
can be chemically reduced by avoiding hydrogen bond formation, but some bio-foulants are hy-
drophobic, while others are hydrophilic. Ice adhesion can be physically reduced by allowing for
interfacial cavitation through low crosslink density surfaces. Some bio-foulants are stiff like ice,
but others are much softer. It is unclear if interfacial cavitation would be advantageous when the
solid adherent is also compliant. Interfacial slippage may also fall prey to this complication.

Returning strictly to ice adhesion, the topic of interfacial toughness is still in its infancy.
Whereas we showed in Chapter 4 that we could produce surfaces exhibiting low interfacial tough-
ness, much work still remains to be done. Does some closed-form relation, like Eq. 3.9 from
Chapter 3, exist for interfacial toughness? Moreover, are icephobic surfaces and low interfacial
toughness surfaces forever divorced? We showed that a silicone rubber exhibiting interfacial slip-
page displayed ultra-low ice adhesion (7;.. =~ 5 kPa) in Fig. 4.5, but in order to achieve low I';..,
we found it necessary to raise the ice adhesion strength ten-fold. It would be highly desirable to

fabricate surfaces exhibiting ultra-low ;.. and I';.., but thus far they have remained elusive.
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In the second half of this work we discussed liquid repellency, using a number of new surfaces
and fabrication techniques. First, in Chapter 5, we discussed PDMS-based monolayers that could
repel essentially all solids and liquids through interfacial slippage. However, such monolayers
exhibit relatively low contact angles with the probe liquids, and so in Chapter 6 we investigated
a new method for fabricating transparent and superomniphobic surfaces. Although highly liquid-
repellent, the main drawback of such surfaces is their poor mechanical durability. As such, in
Chapter 7, we investigated how to spray extremely mechanically robust superhydrophobic sur-
faces from a wide range of binder and filler combinations. We designed some of our optimized
surfaces to additionally be both chemically and physically self-healing, such that any loss in water
repellency could be easily restored. Finally, in Chapter 8, we utilized some of our mechanically
durable superhydrophobic surfaces to reduce the frictional drag experienced in turbulent flow. The
entrapped air pockets within the porous textures enable interfacial slippage, and we uncovered
new scaling laws to predict when the slippage would not be overshadowed by the roughness of the
underlying surface.

Superomniphobic surfaces are only just starting to transition outside the laboratory. Whereas
many interesting applications exist, such as the drag reduction discussed in Chapter 8, there are few
reports of large-scale, successful implementations of these types of surfaces. The main detriment,
as we pointed out in Chapter 7, is the mechanically fragile nature of their porous texture. However,
now that we’ve exemplified a new way of fabricating mechanically robust liquid-repellent surfaces,
it remains to be seen if these material systems can start finding real, commercial usage.

One additional issue with the textured surfaces discussed in the latter half of this thesis is that
solid adhesion is still a concern, especially if the surfaces are only designed to repel liquids. We
highlighted in the first few chapters how ice adhesion may not be reduced using superhydrophobic
surfaces. Similarly, it’s unclear if superhydrophobic drag reduction can still be achieved when
solid adherents like barnacles and bio-films attach to the texture elements. If anything, the PDMS
monolayers discussed in Chapter 5 show extreme promise because they do repel both solids and
liquids simultaneously.

Many questions remain about these monolayers. For example, the capping process always low-
ered the thickness of the monolayers, regardless of their starting liquid repellency. Why? Whereas
PDMS is ideal in terms of interfacial slippage, it is not amenable to surface characterization tech-
niques like XPS. Discerning the exact nature of the monolayers has thus far proven untenable, but
understanding exactly how the monolayers react, grow, and cap, will likely be key to their per-
formance. Further, we were able to repeatedly produce surfaces displaying Af ~ 2° with water,
but never A¢ = 0°. Why not? Moreover, we found that liquids with lower surface tension than
the critical surface tension of PDMS could be highly repelled, but the exact mechanism remains

unclear.
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Regardless of these uncertainties, the applications for these surfaces seem endless. One excit-
ing idea is that perfluorinated compounds are no longer necessary to repel oils. Whereas perflu-
orination has always been assumed to be necessary for oleophobicity, this may not be the case.
The contact angle of hexadecane on a perfluorinated monolayer is < 90°, and it’s not certain what
contact angle is necessary to achieve the oleophobic properties that perfluoro-compounds currently
offer. Is Ay > T70° required? #y > 50°? Moreover, typical perfluorination processes do not yield
perfect perfluorinated monolayers. It remains to be seen if non-fluorinated systems can meet the
demands of liquid repellency in, for example, the textile industry.

Another interesting usage of omniphobic surfaces would be in the area of condensation and
heat transfer. One parameter that has essentially always been overlook in this field is the contact
angle hysteresis. If the droplets are continually shed from the wetted surface, the heat flux can per-
haps be enhanced simply by providing more dry surface where liquid can continually condense.
Omniphobicity will also come into play when dealing with low surface tension liquids like refrig-
erants. The effects of the interface on condensation and heat transfer have been extensively studied
with water, but less so with low surface tension liquids. Here the low contact angles and contact
angle hysteresis of the PDMS monolayers might prove highly efficacious.

Overall, the future of designer surfaces, such as the many examples explored in this thesis, is
bright. Interfaces connect materials to all the engineering applications they are used in. Tailoring
these interfaces to exhibit innovative properties represents the next paradigm shift in materials
science. Bulk material properties have been studied and designed for hundreds of years. Interfacial
properties, on the other hand, are perhaps in their adolescence. Whereas topics like corrosion,
wetting, and increasing adhesion have a rich and thorough history, the topics discussed here are
still relatively untapped. Chapter 4 presents fundamentals that fly in the face of ice adhesion theory
accepted for the last seventy years. This highlights just how cutting-edge this field will be in the

years to come.
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