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ABSTRACT: Elastomeric surfaces and oil-infused elastic surfaces reveal low ice adhesion, in part because of their deformability.
However, these soft surfaces might jeopardize their mechanical durability. In this work, we analyzed the mechanical durability of
elastic polydimethylsiloxane (PDMS) surfaces with different balances between elasticity and deicing performances. The durability
was studied in terms of shear/tensile ice adhesion strength before and after different wear tests. These tests consisted of abrasion/
erosion cycles using standard procedures aimed to reproduce different environmental wearing agents. The main objective is to
evaluate if our PDMS surfaces can become long-lasting solutions for ice removal in real conditions. We found that our elastic
surfaces show excellent durability. After the wear tests, the ice adhesion strength values remained low or even unaltered. Although
the oil-infused PDMS surface was the softest one, it presented considerable durability and excellent low ice adhesion, being a

promising solution.

1. INTRODUCTION

For designing icephobic materials, an extended assumption is
that water-repellent surfaces might show a good anti-icing
performance. Due to their poor affinity to water, super-
hydrophobic surfaces (SHSs) should avoid or reduce ice
accretion. SHSs are able to expel incoming water drops after
the impact, so drops may leave the surface before freezing on
it."~* In addition, SHS could produce freezing delay and retard
frost formation due to the reduced contact area with the
drops.”~® Moreover, SHS might reduce the ice adhesion, but it
was shown that in some cases, due to the interlocking effect
(ice anchoring to the surfaces asperities), SHSs do not reduce
ice adhesion.”"* This is particularly true when ice is formed on
the surface under humid conditions, due to frost (or dew)
formed between surface asperities.'””"> This results in a
significant reduction of the air trapped within the contact area
after water freezing.'"'*'® More importantly, SHSs show a low
durability due to their degradation during ice detachment.'>"?
A more recent alternative approach was the use of slippery
liquid-infused porous surfaces (SLIPS) because they also
revealed good liquid repellency, delay frost formation, and
reduce ice adhesion.'®'” However, durability is again an issue
on SLIPS, whose properties depend on the stability of the top
lubricant film, and it could deplete under intensive use.'®
Rykaczewski et al.'” found that ice formation could displace
the oil; this causes an increase in ice adhesion by mechanical
interlocking, and surface durability is reduced. Moreover,
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SLIPS durability can also be compromised by lubricant
evaporation.”””' To address this issue, the stability of the
lubricant film has been studied and improved to enlarge
durability.”' ~**

Even if a given surface was able to reduce ice formation, ice
would eventually appear under extreme conditions. Thus, the
route can focus on reducing the ice adhesion strength rather
than avoiding the ice accretion. A balance between low ice
adhesion and durability is getting more attention and needs to
be improved, as also stated in a recent review.” It is accepted
that a surface shows low ice adhesion when the detachment
pressure is lower than 100 kPa and super-low ice adhesion for
values lower than 10—20 kPa.>®?” With these former values,
ice is spontaneously detached under natural forces such as
wind, gravity, or ambient vibrations.

More recently, new surfaces with promising anti-icing
performance have emerged. These surfaces are elastomeric,
with low ice adhesion strength due to their deformability.”* >’
In addition, some types of elastomeric surfaces combine the
properties of SLIPS, such as oil-infused polymer matrix
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surfaces.”*” This combination improves durability due to
their self-repairing properties.””* Moreover, certain elastic
surfaces have shown resistance to ice formation—detachment
cycles without noticeable increase in ice adhesion
strength.zg’”’35 However, surface deformability might rule
mechanical durability. In this work, we analyzed the
mechanical durability of three elastic polydimethylsiloxane
(PDMS) surfaces with very different elastic moduli and low ice
adhesion strength. The ice adhesion strength of the surfaces
was evaluated in tensile and shear modes, before and after
durability tests consisting of abrasion/erosion cycles using
standard procedures aimed to emulate different wearing
conditions.

2. MATERIALS AND METHODS

2.1. Surface Preparation. The elastomeric surfaces were
prepared by using a commercial PDMS Sylgard 184
(DOWSIL). Three types of elastic surfaces were made by
using three mixtures. The first mixture was prepared by mixing
the cross-linking agent (curing agent) and the silicone base in
1:10 ratio in weight as it is recommended by the manufacturer.
The second mixture was prepared by mixing the curing agent-
PDMS in 1:1 ratio. The third mixture (oil-infused surfaces)
was prepared by a mixture between the curing agent-PDMS in
1:2 ratio. Subsequently, this mixture is again mixed with
silicone oil (Sigma-Aldrich 100 cSt) at 50% in weight. This
sample will be referred to as 1:2.50%. All mixtures were
vigorously stirred and degassed in a vacuum pump for bubble
removal (at least 10 min). Then, 7.2 mL of the mixtures was
poured over glass slides (76 X 52 mm?) placed in molds (3D
printed with polyethylene terephthalate glycol) to avoid the
leaking during the curing process. The entire curing process
was conducted in an oven at 60 °C for 24 h. Then, the coated
glass surfaces were demolded. Both the PDMS 1:10 and
PDMS 1:1 surfaces were sonicated in ethanol, rinsed with
ethanol, and later with distillate water. The PDMS 1:2.50%
surfaces were simply rinsed with distillate water. The thickness
of the final PDMS coating was approximately 2 mm.

Surfaces of PDMS 1:10 with lower thickness were also
fabricated following a very similar protocol but pouring less
amount (4, 2, or 1 mL) of the PDMS mixtures over the glass
slides. These surfaces were employed to examine the
relationship between durability and initial surfaces thicknesses.

2.2, Surface Characterization. 2.2.1. Wetting Properties.
The wetting properties of the PDMS surfaces were
characterized by two different methods: the tilting plate and
the growing-shrinking drop. The tilting plate method’*~** was
used to estimate the sliding angle (SA), the advancing contact
angle (ACA), and the receding contact angle (RCA) of the
PDMS surfaces as 1:10, 1:1, and 1:2.50%. These measurements
were carried out using 70 uL of Milli-Q water drops. In
addition, the PDMS 1:10 and PDMS 1:1 surfaces were
characterized by means of the growing-shrinking drop
method.””*® In this method, an initial static drop of 50 L
was grown up to 200 uL at a constant flow rate of 2 uL/s
aimed to measure the dynamic ACA. Then, the drop was
relaxed for 120 s, and then, a “relaxed” ACA was again
measured. Subsequently, the drop volume was decreased down
to 50 L, again at 2 uL/s to measure the dynamic RCA. Then,
the drop was again relaxed for 120 s, and the “relaxed” RCA
was measured. This complex protocol is motivated by our
previous study,*' in which we found that, for elastic surfaces
such as PDMS, the dynamic ACA and RCA may be

overestimated and underestimated, respectively, when they
are measured with standard growing-shrinking protocols. To
reach a quasi-static state, the flow rate for PDMS surfaces must
be really low, which is time consuming. An alternative option is
to let the drop relax for some time, which allows it to reach a
quasi-static situation.”’ Thus, we proposed to modify the
standard growing-shrinking experiment protocol to include a
relaxation step that allowed us to measure the quasi-static
values of ACA and RCA.

The PDMS surface 1:2.50% was not characterized with the
growing-shrinking drop method since these experiments
require to drill a hole for water injection-suction from below.
With this purpose, it is necessary to use a cutting fluid, which
could contaminate the oil-infused surface. For the PDMS
surfaces 1:10 and 1:1, the plausible contamination may be
mitigated after sonicating each sample in ethanol, but this
protocol is not appropriate for oil-infused surfaces.

2.2.2. Elastic Modulus. The elastic moduli of the surfaces
were measured by compression using the same method
described elsewhere.”' A 13.00 + 0.05 mm diameter cylindrical
flat metal tip and a dynamometer (IMADA ZTA-200N)
coupled to a motorized linear stage (IMADA MH2-500N-FA)
compress the surfaces, and the elastic moduli are calculated
with the expression E = (F/A)/(AL/L)=(F/AL)(L/A), where
L is the film thickness, A is the contact area, and F/AL is the
slope of the force versus displacement curve.

2.2.3. Surface Roughness. The surface roughness was
characterized using a white light profilometer (PLy 2300,
Sensofar). The scanning area was 285.38 X 209.62 um? with a
50X magnification, and the vertical step was fixed to 0.2 yum. At
least four runs were taken for each surface. This instrument
provides the values of roughness parameters R, (arithmetic
mean roughness) and R, (root mean squared roughness).
Occasionally, the surfaces were also characterized with 20X
magnification (694.41 X 510.09 um? 0.5 um step) and 10X
magnification (1390 X 1020 pum? 2 um step).

2.2.4. Ice Adhesion. An ice block was formed inside a
hollow cylinder placed over the surface, filled with Milli-Q
water and cooled to —10 °C. Ice adhesion strength was
measured with two modes: tensile mode and shear mode. In
the tensile mode, the ice block was detached by a force applied
perpendicular to the surface, while in the shear mode, the ice
block was pulled parallel to the surface (force application point
is located at 1.0 + 0.5 mm from the surface). The peak force
measured immediately before the ice detachment is divided by
the contact area to obtain the ice adhesion strength (pressure).
This area was 764 + 1.9 mm? Further details about ice
adhesion measurements can be found elsewhere.** A schematic
diagram can be found in Supporting Information Section S1.

2.3. Wear by Abrasion. To evaluate the mechanical
durability of the PDMS surfaces, abrasion tests were carried
out by using the Taber 5750 linear Abraser (Taber Industries).
With this setup, an abrader is placed over the surfaces, and it
moves back-forward to induce surface damage. The linear
motion is produced by a slider-crank mechanism, so the linear
speed varies harmonically. The abrader is an aluminum
cylinder with nearly l-inch diameter (25.15 + 0.05 mm).
Sandpapers of different grit numbers were fixed on the cylinder
surface to produce different abrasions. The weight of the piece
can be altered to increase the abrasion pressure. The stroke
length of the back-forward motion and its rate can also be
modified. In this work, the stroke length was fixed to 1 in.
(254 mm) and the rate to 60 cycles/min. Each cycle
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corresponds to a back-forward movement. The maximum
linear speed of the abrasive piece can be calculated as Sy, =
27r X Vg where r = stroke length/2, and its average speed as
Savg = 2 X stroke length X V.. In this case, Sy, = 79.80 +
0.16 mm/s and S, = 50.80 + 0.10 mm/s. The abraded area
was 11.4 + 0.1 cm® The chosen sandpaper grit was P320
(BUEHLER, average particle diameter 46 um), and the
pressure was fixed to 20.5 kPa. These parameters cause
moderate damage on the different surfaces. The abrasion test
was conducted up to 4000 cycles. The sandpaper was replaced
frequently to ensure that it maintained its properties. After a
certain number of abrasion cycles, the surfaces were gently
cleaned with a brush and water to remove rests of detached
material. The ice adhesion properties and the weight loss
(measured by means of a microbalance) were evaluated
periodically after a certain number of cycles. The thickness loss
of the coatings was estimated from weight loss and abraded
area values. The surface roughness after wearing was also
measured. Durability was also examined with 5.7 kPa pressure
(instead of 20.5 kPa) using sandpaper grit P320.

Durability tests were also conducted using different grit
numbers for a better understanding of the durability properties.
First, to evaluate the effect of roughness on the ice adhesion of
abraded surfaces, we tried to reduce the roughness of the
abraded area. For this purpose, 400 cycles with sandpaper
P600 (average particle diameter 26 um), 400 cycles using
sandpaper P800 (22 pm), and 400 cycles using sandpaper
P1200 (15 um) were performed. This abrasion protocol will be
referred to as P1200 abrasion. Later, to increase the roughness
and produce more intense wear, 600 cycles with sandpaper
P60 (260 pm) were also performed.

This abrasion method is similar to the one described in
other studies to evaluate the durability of icephobic
materials.” ™" An image of the test can be found in
Supporting Information Figure S2.

2.4. Wear by Erosion. A homemade setup was designed to
simulate prolonged wear by particle impact (erosion) at
outdoor conditions. A similar strategy was proposed to
determine the durability of SHSs.** A funnel (ENDO
glassware 100 mm, 60° container angle, tube of 97 + 1 mm,
12.00 + 0.0S mm external diameter, 9.30 + 0.15 mm internal
diameter, 45° tube end angle) was placed over the sample at 25
+ 1 cm distance. The sample was placed on a wedge-shaped
holder of 45°. The funnel hole was initially blocked, and the
funnel was filled with 30 = 1 mL (55 + 2 g) of abrasive sand
ASTM 20-30 (silicon dioxide), provided by U.S. Silica
Company (Ottawa, Illinois). Then, the funnel was opened,
and the sand fell on the sample (see Supporting Information
Figure S2). This is a single erosion cycle.

In addition, the surfaces were also eroded by using the
standard test ASTM D968, usually known as the falling sand
abrasion test. This test consists in a 60° funnel connected to a
cylindrical guide tube of 19.05 + 0.08 mm (internal diameter).
At the joint of the tube with the funnel, there is a metal piece
that blocks the sand. The tube length is 914.4 + 0.25 mm, and
it is placed at 25.4 mm over the sample. In this case, a single
erosion cycle corresponds to 3 L of falling sand. The surfaces
were cleaned with a brush and rinsed with Milli-Q water or
ethanol before the damage evaluation.

The weight and thickness loss as well as surface roughness
were evaluated. With each erosion tests, an elliptical zone was
visible. For the homemade erosion test, the width of the zone
was 15 + 1 mm, and the length was 22 + 1 mm, so the average

damaged area was 260 + 40 mm?®. For the D968 test, the width
was 27 + 1 mm, the length was 34 + 1 mm, and the area was
720 = 70 mm? To determine the loss in the de-icing
performance, we conducted ice adhesion strength measure-
ments after all the erosion cycles.

3. RESULTS

3.1. Surface Characterization. The different properties of
the studied surfaces are collected in Table 1. The surface 1:10

Table 1. Elastic Moduli, Roughness Parameters, Ice
Adhesion Strength, and Wettability Properties of the PDMS
Surfaces Prepared in This Study

surfaces

1:10 1:1 1:2.50%
E (MPa) 2.87 + 0.18 231 + 023 0.72 + 0.03
R, (nm) 21 +£3 25+5 19+ 4
R, (nm) 27 + 4 34+6 24 +6
SA (deg) 46.7 + 1.3 16.4 + 0.9 11.8 + 0.4
ACA (deg) 126.1 + 0.6 1209 + 0.9 1159 + 0.8
RCA (deg) 471 £ 1.6 87.8 + 1.6 92.8 + 1.0
tensile (kPa) 76 + 8 39 +13 132 + 24
shear (kPa) 70 + S 27 +£3 10.8 + 1.7

is the hardest one (higher elastic modulus), whereas the
surface 1:2.50% is significantly soft. On the other hand, all the
surfaces show very low surface roughness with R, and R, values
lower than 40 nm. From the wetting properties (ACA, RCA,
and SA) measured with the tilting plate, it is noticeable that the
surface 1:2.50% is more hydrophobic than the rest of surfaces,
presenting the lowest SA. The surface 1:1 is also hydrophobic,
but the surface 1:10 has a high SA and low RCA, which is
usually related with high adhesion to water.*” All the surfaces
show ice adhesion strength below 100 kPa in both tensile and
shear modes. In particular, the surface 1:2.50% presents the
lowest ice adhesion strength, with values around 10 kPa. This
super-low adhesion is caused by low elastic modulus,
hydrophobicity, and interfacial slippage.30

In Figure 1, we show the wetting properties measured using
the growing-shrinking drop method. In this case, the relaxed
RCA (measured in the quasi-static regime) is similar for the
surfaces 1:10 and 1:1, but the contact angle hysteresis (CAH)

Growing-Shrinking Drop

130 N DACA
1201 I RACA
I DRCA
110 I RRCA
100+
()
6 904
804
704
60 4
50+

1:10 11
PDMS coating

Figure 1. Wetting properties of the PDMS 1:10 and 1:1 surfaces.
Black and blue bars represent dynamic (D) ACA and RCA,
respectively. Gray and dark-cyan bars represent quasi-static or relaxed
(R) ACA and RCA.
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is still lower for the surface 1:1. This typically produces a
higher water mobility.*”*°

3.2, Evaluation of Abrasion Resistance. The core
property of the surfaces fabricated in this study is their low
ice adhesion. Ice adhesion strength is influenced by wetting
properties (sspecially the RCA), elastic moduli and surface
roughness.zg’ 5% For this reason, in this work, we focused on
the analysis of surface durability by monitoring the ice
adhesion strength. In Figure 2, we plot the ice adhesion

a) Tensile
—~ 200~
ng 180 m 1:10
s D {
5160- 250% i
o 140 %
o 8
£ 1201 *
» 100
S 80 i
B 60 ¢ ¢ % ¢
§ 40 % $ ¢
It I T S S S P S
2 0l ; ; ; ; : . ;
0 200 400 800 1600 4000 P1200 P60
Abrasion cycles
b) Shear
= 1807 a0
Q1404 o 1:1
= A 1:250%
£ 120
= L]
100
2 } LI % ¥
o 80
C
§ el * ¢
¢ ¢ .
% 404 . ° ® s °
<< 201
8 A A A A A 24 2
0 200 400 800 1600 4000 P1200 P60

Abrasion cycles

Figure 2. Ice adhesion strength in terms of abrasion cycles in (a)
tensile and (b) shear modes. Ice adhesion after abrasion with high grit
(P1200) and low grit (P60) is also shown. These abrasions were
accumulative, so abrasion with P1200 was performed after 4000 cycles
with P320 and abrasion with P60 after abrasion with P1200.

strength of the surfaces after different number of abrasion
cycles using the P320 sandpaper. We noticed that for the
surface 1:10, the ice adhesion in the tensile mode increased
considerably up to almost twice its initial value after 4000
abrasive cycles. Similarly, the adhesion increased in the shear
mode. On the other hand, the surface 1:1 initially increased its
ice adhesion strength about a 50% after 800 cycles, but it
decreased to their initial values after 4000 cycles. Finally, the
surface 1:2.50% maintained similar values of ice adhesion
strength regardless of the number of cycles.

To explore how the wear abrasion affects the ice adhesion
strength, we used sandpapers of different grit numbers (see
Section 2.3). In the right part of Figure 2, we can observe how
ice adhesion changes as the used sandpaper. In Table 2, we
summarize the roughness parameters of the surfaces after wear
tests. From the results of the surface 1:10, we may conclude
that roughness and ice adhesion are correlated: higher
roughness, higher ice adhesion. This could be originated by
an increase in actual water-surface contact area that enhanced
the interlocking mechanism."”**** In our setup, it is not
possible to know if the water (ice) fully penetrates on the
surface roughness, so the real water-surface contact area cannot
be calculated. However, even if it penetrates only partially, the
real contact area must increase with respect to original surfaces,
as clear from wettability results (see later in this section).
However, for the surface 1:1, this interlocking effect is unclear.
Otherwise, the ice adhesion on the surface 1:2.50% is not
influenced by the surface roughness (no significative difference
over a wide range of roughness values). This could be
considered a first proof that the detachment mechanism of this
surface is valid even for high surface roughness, something
previously stated as a matter of study.”® To clarify whether the
ice adhesion was proportional to the roughness of the surface
1:1, we measured their roughness parameters for all number of
abrasion cycles. We postulated that the peak of ice adhesion
observed for the surface 1:1 (see Figure 2) was related with
another peak of surface roughness. However, the expected
relation between ice adhesion and surface roughness was not
found (see Figure 3). The roughness reached a stable value
after 400 abrasion cycles.

A clear dependence between ice adhesion and roughness
was only observed for the surface 1:10, while for the surface
1:2.50%, both properties seem to be uncorrelated. Finally, the

Table 2. Roughness Parameters of the PDMS Surfaces for Different Degrees of Abrasion

control

50x R, (nm) R, (nm)
1:10 21 +3 27 + 4
1:1 25+5 34+6
1:2.50% 19 + 4 24 + 6

after P1200 abrasion

50x R, (pm) R, (um)
1:10 1.65 + 0.11 2.07 + 0.08
1:1 09 + 0.3 12 +03
1:2.50% 1.14 + 0.14 141 + 0.19

after P60 abrasion

20% R, (4m) R, (im)
1:10 11+3 14 £3
1:1 35+ 19 42 +19
1:2.50% 31 +8 38+9

20744

after 4000 cycles P320

50% R, (um) R, (um)
1:10 32+ 06 4.0 + 0.8
1:1 3.1 +09 39+ 09
1:2.50% 2.8 +09 35+ 1.0

after P60 abrasion
50X R, (pm) Ry (um)
1:10 10+ 7 12+7
1:1 14 +7 18 + 8
1:2.50% 13+3 16 + 3
after P60 abrasion

10X R, (um) R, (um)
1:10 11.3 £ 0.8 16.1 + 0.9
1:1 45 £ 13 56 + 16
1:2.50% 43 £ 11 54+ 13
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160
150
140
surface 1:1 shows a roughness—adhesion correlation only 138'
noticeable at a certain level in the shear mode, when the 1101
roughness is significantly high (after abrading with the coarse & 100
P60 sandpaper). This points out to the fact that the surfaces (<_) gg‘
with low elastic moduli, such as PDMS 1:2.50%, might avoid 701
the interlocking effect. 60
The abrasion with the P60 sandpaper (see Section 2.3) 28‘
produced a high roughness due to its large average particle 301
diameter (260 pm). This roughness was measured by using 110 11 12 50%
larger scanning areas and lower magnification (see Section PDMS coating

2.2.3).

In addition, we analyzed the wetting properties of the
surfaces after 4000 abrasive cycles with the sandpaper P320.
The results of the tilting plate experiments show an increase in
the surface wettability because both the SA and CAH increase
(see Figure 4). This loss of water-dislike properties may be
justified by the increase in roughness: for water drops in the
Wenzel state,55 an increase in roughness leads to an increase in
CAH due to the presence of anchor points that pin the contact
line.>*™>% In Figure 5, we plot the water contact angles
measured with the growing-shrinking drop method after
abrasion. The results obtained with this method reveal the
increase in CAH as well (compared with Figure 1). It is
important to highlight that in both methods, tilting plate and
growing-shrinking, the water contact angle measurements were
carried out with drops intended to move perpendicular in the
direction to the grooves created by the abrader. This was
carried out to evaluate surfaces in the worst condition. On
these abraded surfaces, sessile drops show a non-axisymmetric
shape. Since we measured the contact angles in the surface
direction that maximizes the observed CAH (see Supporting
Information Figure S3), this parameter might be over-
estimated.

Finally, to evaluate the durability of the PDMS surfaces
more precisely, we show in Figure 6 the thickness loss,
estimated from the weight loss normalized by abraded area.
Here, we can observe that the material (weight) loss is more
pronounced for surfaces with low elastic moduli. In addition,
we may observe that the weight loss scales linearly with the
number of cycles, as expected (see Supporting Information
Figure S4). This observation was confirmed for the rest of the
wear tests conducted with sandpapers of different grit
numbers. Thus, the PDMS surface with the lowest elastic
modulus and lowest ice adhesion strength revealed higher
thickness loss. However, even for this case, the resistance

Figure 4. Wetting properties estimated by tilting plate experiments.
(a) SA for the PDMS surfaces measured before and after abrasion
(AA). (b) ACA and RCA for the PDMS surfaces measured before and
after abrasion (AA). For the PDMS surface 1:10, SA and RCA after
abrasion were greater and lower, respectively, than the represented,
due to the experimental limitations (the maximum tilting angle of the
device is 60°).

Growing-Shrinking Drop

160
140 4

1204

1:10 1:1
PDMS coating After Abrasion

Figure S. Wetting properties of the PDMS surfaces 1:10 and 1:1 after
abrasion with P320 for 4000 cycles. Black and blue bars correspond to
the dynamic (D) ACA and RCA, respectively. Gray and dark-cyan
bars reflect the quasi-static or “relaxed” (R) ACA and RCA.

seems to be reasonably good. After 4000 cycles, only about
0.12 mm of thickness was lost, which points out to a large
durability.

As mentioned, the ice adhesion strength values measured for
the PDMS surface 1:2.50% were unaltered by the abrasion
tests. Therefore, we may assume that its low ice adhesion is not
only a surface property but a bulk property as well. One should
expect that the coating properties will endure until no coating
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Figure 6. Thickness loss for the PDMS surfaces in terms of the
number of abrasion cycles. Abrasion cycles were carried out with an
abrader of grit number P320. For comparison, abrasion with other grit
numbers P1200 (for smoothing) and P60 (for roughening) is also
shown.

is remaining, as proposed previously for these kinds of
materials.** However, we should also take into account that
on elastic surfaces, ice adhesion strength (7) depends on

thickness coating as the relation 7 o /W,G/t, where W, is the

work of adhesion, G is the shear modulus, and t the coating
thickness. Thus, ice adhesion increases for decreasing
thicknesses.”**”*>>* Some studies pointed out to that, above
a certain thickness, elastic coatings behave as bulk materials,
and ice adhesion remains almost constant. For Beemer et al,,**
this critical thickness is about 1400 um, but for Wang et al.”®
and Zhuo et al,* it is about 500 pm. Thus, our surface
1:2.50% presents large durability, resisting at least 25,000
abrasion cycles with P320 before noticeably increasing the ice
adhesion strength. With respect to the rest of the surfaces
studied here, they show larger durability in terms of coating
thickness. However, the surface 1:10 increases its ice adhesion
values after abrasion (probably due to a roughness increase),
whereas the surface 1:1 shows a wide range of ice adhesion
values after abrasion, including a certain increase with respect
to the initial values, even though they are not necessarily
related with roughness.

We found that the PDMS surfaces are more resistant to
abrasion (lower coating thickness loss) than ductile non-elastic
materials (paraffin) and similar to the aluminum surfaces (see
Supporting Information Section S4). This could be due to the
ability of elastic materials to be deformed without breaking. A
clear example is found in ref 59 where a saw easily cut hard
materials, but it is not able to cut deformable materials, unless
they are fully fixed. Somehow, elastic surfaces accommodate to
the abrader minimizing the mass removal. Following this
hypothesis, one might call into question whether abrasion will
produce the same weight loss regardless of the thickness. Due
to its lower thickness, the PDMS coating is less mobile under
the abradant pressure, and consequently, it could be more
easily abraded. To illustrate this issue, in Figure 7, we plot the
thickness loss for the surface 1:10 with different coating
thicknesses. In addition, we also evaluated durability under
lower pressure. We found that the weight loss during surface
abrasion is almost independent of the coating thickness, at
least for coating thicknesses above 280 um. In fact, the mass
removal was lower for thinner coating when we used the
sandpaper P320, while the opposite trend happened with P60.
In conclusion, the current coating thickness does not seem to
affect the wear rate, while the properties of the abrader seem to

200 400 800 1600 4000 P60
Abrasion cycles

Figure 7. Dependence of thickness loss of the PDMS surfaces 1:10 in
terms of the number of abrasion cycles with grit P320 and with P60
for 600 cycles (worst conditions). We varied the initial coating
thickness and further studied the case of low pressure with grit P320.

play a more important role. In any case, the surface durability
under abrasion seems to be independent of thickness over a
wide range of values. In consequence, the durability of the
PDMS coating will only depend on its initial thickness.

3.3. Evaluation of Resistance to Erosion. To evaluate
the wear induced by particle impact (erosion), we measured
the roughness parameters and thickness losses. We also
evaluated ice adhesion once the full erosion test was
performed. In Figure 8, we plot the apparent thickness loss

2501 Impact Area i Full Area
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— 2004 e 1:1 i 1
£ A 1:250% . ‘
= 1 |
8 150 T ‘
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@ 100 i 3
2 i |
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Figure 8. Thickness loss produced by the sand test for the different
PDMS surfaces in terms of erosion cycles. Thickness loss was
calculated from the attacked zone and all the sample area. Notice that
the erosion with the ASTM D968 setup was performed after total
erosion conducted with the ad hoc test. Thus, the weight loss reflects
the first S0 cycles and the two cycles (D968 setup) together, denoted
as “50+6L.”

of the three different coatings for different numbers of erosion
cycles with a homemade setup (see Section 2.4 for details). We
also included the final test with the ASTM D968 setup. As
mentioned in the previous section, we evaluated the thickness
loss as the ratio between weight loss by eroded area. According
to the results shown in Figure 8, the thickness loss for the
surfaces 1:10 and 1:1 was very low. However, the surface
1:2.50% was significantly damaged after these tests. The wear
induced by erosion for this kind of samples was even greater
than the one observed for the linear abrasion test. However,
the thickness loss does not scale linearly with the number of
cycles. As can be seen in Supporting Information Section SS,
this is due to the fact that sand impact is not the unique source
of surface wearing. We found a direct evidence that a
remarkable part of the damage was produced by removing
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the sand from the samples between different erosion cycles.
We observed that the sand stuck to the PDMS surface,
especially on the softest one. During the cleaning process, the
sand detached from the surface may enhance the mass loss by
cohesive failure. Consequently, we argue that the thickness loss
may be calculated by using the full area, not only the apparent
damaged area (sand impact zone). Thus, we also included in
Figure 8 the thickness loss calculated using the full area. With
this approximation, the calculated thickness loss is very low for
the three surfaces, as expected.

To validate the apparent resistance of PDMS coatings to
erosion, it is necessary to check out how the ice adhesion
strength is affected after wear tests. Results can be found in
Table 3. After the erosion cycles, most surfaces maintained

Table 3. Ice Adhesion Strength After the Falling Sand Test

surfaces
ice adhesion strength 1:10 1:1 1:2.50%
tensile (kPa) 88 + 16 S2+6 110 + 2.2
shear (kPa) 89 + 8 31 +4 10.1 + 1.4
Original Values
tensile (kPa) 76 + 8 39 + 13 132 + 24
shear (kPa) 70 £ S 27 £3 10.8 + 1.7

their low ice adhesion properties, compared to the control
samples, within the experimental error. The surfaces 1:10
presented the most noticeable variation with respect to the
control surfaces. However, since this surface neither revealed
important mass loss nor roughness increase, the increase in ice
adhesion strength could only be attributed to the intrinsic
variability between different replicas. Thus, we conclude that
the PDMS surfaces maintain their low ice adhesion properties
and present considerable durability under erosion tests.

For comparison, the values for control surfaces from Table 1
are also shown.

4. DISCUSSION

In this study, we explored the durability properties of several
soft coatings with low ice adhesion properties. The durability
was studied by analyzing how the wear tests modified the ice
adhesion properties of the coatings. Our results are in overall
satisfactory, in comparison with previous studies. For example,
Beemer et al.” presented PDMS gels that maintain their
properties after more than 1000 abrasion cycles by using a
setup similar to this study, with similar grit number of the
abrader (sandpaper grit 400) but lower pressure (6.8 kPa).
Similarly, Zhuo et al.” studied durability of their anti-icing
materials by applying 1.5 kPa and grit number 400. In the
present work, the used pressure was higher (20.5 kPa), and as
shown in Figure 7, the wear tests conducted with lower
pressure (about 5.7 kPa) provided much lower thickness loss.
In addition, we found that the surface 1:2.50% maintained low
ice adhesion, showing no evidence of the interlocking effect.
This phenomenon is usually assumed as the origin of the ice
adhesion increase observed after conducting the wearing
tests.*>*> In conclusion, our surfaces showed better durability
than other proposed solutions because they resisted more
cycles and under higher pressure. We further estimated the
resistance of our coatings through the thickness loss, resulting
in large durability.

On the other hand, we found that erosion did not have a
strong impact on the samples. Nevertheless, we found that the

dirt that was accumulated on surfaces during the erosion tests
was hardly cleanable. Indeed, we observed that some dirt
remained attached after the cleaning process (see Supporting
Information Section S6). This might be a problem in real
applications because the fabricated surfaces may accumulate
environmental dirt. However, we found that the ice adhesion
strength remains low, almost unaltered, for the three kinds of
surfaces. Thus, the anti-icing performance of these surfaces is
not much affected by erosion.

In comparison to other harder coatings proposed in the
literature (such as aluminum coated with a thin film of
fluoropolymer®®), which lose their wettability properties and
consequently the icephobic properties after few wear cycles,*”
the PDMS elastic materials proposed in this work are able to
maintain the icephobic properties after highly aggressive wear
tests. This is a proof of the advantage that is added when using
coatings whose bulk properties instead of surface properties are
relevant.”®

However, in our opinion, to compare meaningfully surface
resistance and durability the conditions should be harsher,
such as higher pressure or more abrasive agents (like P60
sandpaper). Other studies have examined durability under
“presumably” higher pressures,*”** but none of these studies
specified the pressure value, only the load applied. We explored
the durability under higher pressure, and we found that the
surface 1:2.50% was destroyed after 120 cycles at 110 kPa,
while the other two surfaces resisted the abrasion (see
Supporting Information Figure S8). Thus, the surface
1:2.50% does not tolerate high pressure in abrasion. It would
be important to estimate the actual magnitude of abrasion that
working surfaces suffer under real conditions.

We evaluated the resistance under abrasion and erosion, but
there are other types of damage in real world. For example, less
cross-linked PDMS (far from the 1:10 ratio) reveals lower E
and lower resistance to break under tension (ultimate tensile
strength) but higher maximum elongation.61 In consequence,
although in our study, we report a great mechanical durability
of PDMS surfaces, they could be weak under other stresses.
For this reason, a more complete evaluation would be
necessary to establish the practical durability.

5. CONCLUSIONS

We examined the durability properties of three types of
PDMS-based elastic surfaces under abrasion and erosion, in
terms of ice adhesion, thickness loss, and roughness
modification. We found that, due to their deformability,
these surfaces resist abrasion reasonably well, maintaining a
low ice adhesion strength after more than 4000 abrasion cycles.
The icephobic performance is preserved until the coating
thickness is low enough to influence ice adhesion. We found
that the low ice adhesion values of the surfaces fabricated in
this study are more likely attributed to the bulk property rather
than surface response. The elastic coating preserved its
properties although it was partly damaged. For this reason,
the interlocking effect seems to be absent in elastic surfaces
above an elasticity degree. On the other hand, we found that
the surfaces become more wettable due to roughness increase.

We also evaluated the resistance of the surfaces to erosion,
and we found that the erosion was low for most surfaces,
especially those ones with higher elastic modulus. In general,
the thickness loss was low, and the ice adhesion strength
maintained low values. In our wear experiments, the softest
surface presented the fastest decrease in coating thickness,
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although its ice adhesion strength was unmodified, being the
lowest ice adhesion strength.

In conclusion, moderate elastic surfaces presented good
durability although their adhesion strength increased upon
accumulating wear agents. Otherwise, the softest elastic surface
presented the best results of durability although their suitability
for real applications would require further studies conducted
under more realistic conditions.
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