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The phenomenon of icing, and the derived processes for its mitigation, are of great importance in many appli-
cations, ranging from transportation and energy to food and refrigeration. This phenomenon has been studied
mostly with respect to its manifestation on rigid, homogeneous surfaces, with soft materials being the topic of
more recent investigations. Although, icing often occurs on substrates that are chemically and mechanically
heterogeneous, e.g., widely used asphalt concrete, which consists of rigid aggregates embedded in soft bitumen,
to date, ice adhesion behavior on such substrates needs to be better understood. Here, we study ice adhesion
stresses—the stresses necessary to remove ice—of ice blocks on heterogeneous materials, juxtaposing the
behavior of the two main constituents of asphalt concrete, the rigid aggregates (modeled by Macor®) and
bitumen, to the behavior of bitumen-Macor® composites. We show that the ice adhesion shear stress on Macor®
is almost twice as large as that on bitumen, whereas the ice adhesion normal stress and the normal and shear
components of composite stress are in a similar range. We synthesize composite substrates that consist of
bitumen stripes on Macor® and find that increasing bitumen width leads to lower ice adhesion stress, while the
stripe direction with respect to the applied force direction has a minor effect. Based on our findings, we then coat
the most ice-adhesive component (Macor®) with a thin superhydrophobic coating and show that this can reduce
ice adhesion stress on the heterogeneous substrates. We also find that for ice formed half on bitumen and half on
Macor®, if Macor® is first and bitumen second with respect to the applied force direction (material order), then
the measured ice adhesion stress is less compared to the reverse case in material order.

1. Introduction

Despite its common manifestation on roads, roofs, terraces, and
sidewalks in cold climates, the fundamental issue of surface icing—and
passive methods to prevent it and facilitate its removal—is not well
understood. This includes condensation freezing on roads and, conse-
quentially, attempting to prevent or delay ice formation, as well as
investigating facile removal principles of frozen or snow-covered
pavements, leading to the introduction of methods to reduce the stress
needed to remove ice (termed here as ice adhesion stress) and facilitate
ice removal. Road surfaces consist of two main components: Rigid ag-
gregates (gravel), which are held together by a soft viscoelastic

bituminous binder. They have drastically different wettability and
stiffness properties, causing road surfaces to be both chemically and
mechanically heterogeneous.

To date, research on ice adhesion mechanisms has focused on rigid
materials (Kulinich and Farzaneh, 2009; Matsumoto and Kobayashi,
2007; Rgnneberg et al., 2020; Schutzius et al., 2015; Work and Lian,
2018), proposing textured low-surface energy coatings possessing low
ice adhesion stress (Meuler et al., 2010). Liquid-infused (i.e., lubricated)
surface technology has attempted to take advantage of embedded liquid
interface properties in solid structures to reduce ice adhesion stresses
(Baker et al., 1962; Kim et al., 2012; Metya and Singh, 2019; Wilson
et al., 2013). It is shown that the rigid phase arrangement and area
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fraction of the liquid-infused surface can control ice adhesion by gov-
erning local conductive heat transfer, ice-substrate interaction, and
locally cracking initiation of the iced interface (Metya and Singh, 2019;
Wilson et al., 2013). Recently, the impact of substrate compliance on ice
adhesion stress has attracted researchers’ attention, and a number of
studies have been undertaken on this topic (Beemer et al., 2016;
Chaudhury and Kim, 2007; Chung et al., 2006; Chung and Chaudhury,
2005; Golovin et al., 2019; Petit and Bonaccurso, 2014; Vasileiou et al.,
2017). Petit et al. have shown that substrate compliance does not have a
significant role on freezing initiation time while later the substrate
deformation influences interfacial area and consequently freezing pro-
cess is faster on softer substrates (Petit and Bonaccurso, 2014). Applied
force on frozen interfaces can form surface instabilities and fringes,
depending on the soft substrate thickness and the neighboring material
properties, whether soft or rigid (Chung et al., 2006; Chung and
Chaudhury, 2005). It has been shown that a rigid object on a compliant
substrate slides in shear mode unless the developing normal force (at the
location of the applied force) reaches a critical value and detaches the
interfaces of the rigid object and soft substrate (Chaudhury and Kim,
2007). Despite the brittle ice removal from rigid materials, it is shown
that ice detaches from soft surfaces in a dynamic stick-slip motion i.e.,
intermittent movement with recurring cycles of stationary and sliding
phases (Beemer et al., 2016). Furthermore, for long enough ice blocks,
ice adhesion could become independent of the ice area which results in
very low ice adhesion stresses for large area ice-soft material interfaces
(Golovin et al., 2019).

While the behavior of ice on homogeneous surfaces is understood to
a degree, the fundamentals of ice formation and adhesion on heteroge-
neous substrates—for both wettability and stiffness—are not, and rela-
tively few studies have been conducted on this topic (Irajizad et al.,
2019a; Liu et al., 2017; Sivakumar et al., 2021). Liu et al. showed that
substrate hydrophobic-hydrophilic boundaries can block the ice-
substrate front and alter the ice growth mode transition when the
wettability of the solid substrate changes (Liu et al., 2017). Irajizad et al.
measured ice adhesion stresses on heterogeneous materials —a low
shear modulus material dispersed in a high shear modulus matrix— and
showed that stress mismatch of ice interface with heterogeneous sub-
strate can reduce ice adhesion stress (Irajizad et al., 2019a). Once a
minimal force is applied (resulting in approximately 1 KPa), ice detaches
from the low shear modulus material phase and forms cavities at the
interface of the substrate material and ice, leading to a stress concen-
tration around the cavity and inducing crack and cavity growth and
fracture of interfaces (Irajizad et al., 2019a). Experiments performed on
patterned rigid-soft substrates of aluminum-polyurethane have shown
that by increasing the area fraction percentage of the softer component
(stripes from 2 mm width to 10 mm, respecting 0% to 77% for 26 mm
square samples), the ice adhesion is reduced independently of the sub-
strate heterogeneity direction (stripes in the aluminum filled of the
softer polyurethane phase) on the anisotropic substrate (Sivakumar
et al., 2021).

Several ice adhesion studies have been conducted specifically on
road surfaces, mostly focusing on practical applications (Arabzadeh
et al., 2017; Arabzadeh et al., 2016; Chen et al., 2018b; Chen et al.,
2018a; Dan et al., 2014; Gao et al., 2018; Peng et al., 2018; Penn and
Meyerson, 1992; Xia et al., 2020). It is shown that regardless of the bulk
water or ambient conditions a layer of small, bubble-free ice crystals
nucleate on the pavement surface once its temperature drops below
subzero (Penn and Meyerson, 1992). However, this layer is strong and
well adhered, but if the nucleation could be prevented using either salt
or changing the substrate surface energy, ice adhesion would be weaker
due to larger ice crystals that form from the bulk water and entrapped
bubbles (Penn and Meyerson, 1992). Peng et al. showed that replacing
asphalt concrete fillers with anti-freezing salt-based components and
fumed silica-based coating can delay freezing and significantly reduce
the ice adhesion stress (Peng et al., 2018). Arabzadeh et al. showed that
spraying superhydrophobic coatings on asphalt surfaces can also reduce
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ice adhesion stress (Arabzadeh et al., 2017; Arabzadeh et al., 2016). By
lowering the substrate asphalt concrete temperature from 0 °C to
—10 °C, cohesive failure in ice becomes dominant compared to adhesive
failure at the interface (Chen et al., 2018b). In large-scale asphalt con-
crete samples, Dan et al. found that the normal-tension ice adhesion
depends logarithmically on the ice temperature, whereas in the case of
the shear stress, a linear relation was exhibited (Dan et al., 2014).

In this study, we investigate the fundamentals of ice adhesion stress
on heterogeneous bituminous surfaces at smaller sub-centimeter scales.
To this end, at sample surface temperature of T2 = —19.5 & 0.5 °C, the
impact of substrate mechanical and chemical heterogeneity on ice
adhesion stress is studied by juxtaposing soft viscoelastic bitumen next
to rigid glass-ceramic aggregates that we model by Macor®. We syn-
thesize heterogeneous substrates that consist of bitumen stripes on
Macor® and find that increasing stripe width—for the same ice block
size—leads to lower ice adhesion stress. We also find that the stripe
direction with respect to the applied force direction does not have a
pronounced effect on ice adhesion stress. Based on these findings, we
then focus on modifying Macor®, the most adhesive component of the
heterogeneous substrate, and to this end, we exploit an up-scalable,
superhydrophobic, durable coating technique. We confirm that a
superhydrophobic coating can significantly reduce the ice adhesion
stress on Macor®. We also find that for ice blocks that are half on the
bitumen stripe and half on Macor® (also superhydrophobic Macor®), if
the rigid Macor® is first and softer bitumen second with respect to the
applied force direction, then the measured ice adhesion stress is less
compared to the reverse case. Our findings add to necessary funda-
mental knowledge contributing to the design of bituminous surfaces
with facile ice removal behavior, paves the path for further studies in the
future.

2. Methods and material studied
2.1. Materials

Fig. 1a shows a schematic of an ice block on a heterogeneous bitu-
minous surface consisting of rigid Macor® (white) and soft bitumen
(black), with the applied force for the removal of this block shown with
the red arrow. The material used for the soft component was virgin
bitumen Q8 70/100 with penetration grade 70/100, density 1.029 g/
cm? of Middle Eastern origin with a medium softness range of 82 (0.1
mm) needle penetration (EN 1426), and softening temperature (EN
1427) of 45.8 °C, and dynamic viscosity of 163 Pa-s at 60 °C. For this
type of bitumen, differential scanning calorimetry (DSC) results indi-
cated that its glass transition temperature is ca. -20 °C and that it has a
melting peak at ca. 28 °C. The reported SARA (saturates, aromatics,
resins, and asphaltene) factions of this bitumen type are 3.8, 59.6, 22.2,
and 14.6%, respectively (Fischer et al., 2014; Soenen et al., 2014). SARA
analysis is an operational method to separate the bitumen into its
characteristic finite fractions according to the polarity, molar mass and
aromatic content of the molecules (Yu et al., 2015). Fig. 1b, and ¢ show
the significant mechanical and wetting behavior differences, relevant to
ice adhesion, between the employed bitumen and Macor®. Bitumen is a
temperature- and frequency-dependent viscoelastic material with a
complex modulus, G, of 0.15 MPa at 20 °C and 81 MPa at —10 °C under
0.1 Hz, 10% strain, Fig. 1b (see also Fig. A1). Aggregates have random
shapes and uncontrolled surface properties; therefore, we used Macor®
as a representative material for asphalt concrete aggregates. Macor® has
a complex modulus of 25.5 GPa over the experimental temperature
range of this study, Fig. 1b. The surface of bitumen is generally hydro-
phobic with an advancing contact angle of >110° and a receding contact
angle of ca. 75°, Fig. 1c. On the other hand, Macor® is superhydrophilic
and has a receding angle of <5°, Fig. 1c.

Such high contact angle hysteresis on bitumen could be due to sur-
face tension driven substrate deformation—due to its softness at room
temperature—at the triple contact line, as has been shown for other soft
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Fig. 1. Ice adhesion on road-like materials at subzero temperatures. a) General
schematic of ice formation on heterogeneous road-like surfaces. b) Complex
modulus of bitumen at 20 °C and — 10 °C at 0.1 Hz versus reported complex
modulus of Macor® material at 25 °C (MACOR®, 2021). c¢) Receding contact
angle of a water droplet on bitumen surface and Macor® at two sample tem-
peratures of 25 °C and — 10 °C and environmental condition of RH < 1% at 24
+1°C

substrates (Carré et al., 1996; Gerber et al., 2019; Lee et al., 2016).
Furthermore, previous work has shown that the surface of bitumen is
complex, possessing heterogeneous surface chemistry and intrinsic
roughness that potentially can affect contact angle hysteresis (Tarpoudi
Baheri et al., 2020). Macor®, on the other hand, is a machinable glass-
ceramic with similar properties to common aggregates such as lime-
stone, basalt, and sandstone, and its hydrophilic property is to be

Table 1
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expected, Table 1.

Measurements shows that Macor® has microscale surface features
with an average root-mean-square (RMS) surface roughness of 0.34 +
0.04 pm (see Figs. A2 and A3) whereas previous studies found that for
aggregates used in pavement, including for cold regions applications,
that the average RMS surface roughness was in the order of tens of
microns (Gan, 2017; Perez et al., 2015; see also Table Al). Based on the
above, one should anticipate differences, with respect to ice adhesion,
between the behavior of such a composite material and the case where
the surface consists one of those materials, acting alone.

2.2. Substrates and coatings

To fabricate thin virgin bitumen coatings on a Macor® sub-
strate—and also to create thin stripes of bitumen in Macor®
notches—we used a solvent casting approach. To prepare the bitumen
solution, 1 g of virgin bitumen was diluted in 4 ml toluene (Sigma-
Aldrich 99.8%) at room temperature (ca. 25 °C) and mixed using a
shaker (Heidolph Multi Reax) at 2000 rpm for 2 min. A drop of 150 pl
virgin bitumen solution was then dispensed on Macor® disks (1 mm
thick, 18 mm diameter). The solvent cast sample was left under a fume
hood in ambient conditions until most of the toluene solvent evaporated,
which was observed to occur within half an hour. Next, samples were
heated on a hotplate at 115 °C for five minutes, above the bitumen
softening temperature of 45.8 °C and the toluene boiling temperature of
111 °C, to ensure uniform and smooth surfaces. Thereafter, the samples
were placed in a refrigerator for five minutes at 4 & 2 °C to cool and
solidify the bitumen coating layer. The final bitumen thickness was
measured to be ~ 225 pm (see also Fig. A4a).

To create superhydrophobic surfaces on Macor®, we deposited
polymer-nanoparticle dispersions onto it by spray coating following a
previously published method (Schutzius et al., 2011). The coating
thickness was ca. 25 pm (see also Fig. A4b). To prepare the dispersion for
spray, we first made two stock solutions and a nanoparticle suspension.
The first stock solution consisted of 10 wt% PVDF (polyvinylidene
fluoride) in NMP (N-Methyl-2-pyrrolidone) and was generated by add-
ing PVDF to NMP and then mixing it slowly for 5 h at 40 °C. The second
stock solution consisted of 10 wt% PMMA (poly(methyl methacrylate))
in acetone and was generated by combining PMMA beads with acetone
and mixing it at 1200 rpm for 8 h. The nanoparticle suspension consisted
of 10 wt% hydrophobic fumed silica (HFS; Aerosil R 8200, Evonik In-
dustries) in acetone and was created by combining HFS and acetone and
probe sonicating it for 30 s (130 W, 3 mm probe, 50% amplitude, 20 kHz
frequency, Sonics Vibracell, VCX-130). One portion of each of the two
solutions and ten portions of suspension were then combined and
diluted with additional ten portion of acetone, resulting in a final 12 g
mixture (for 0.5 g portions) can approximately coat an area of 25 cm?.
To create stripes of bitumen on Macor®, 200 pm deep notches were cut
into the Macor® surface, with widths of either 0.5, 1, or 1.8 mm, and
then they were filled with the bitumen-toluene solution (~22 wt%, 1 g
bitumen in 4 pl toluene). The ice mold that we use to measure ice
adhesion is a tube that has an inner diameter (ID) of 1.8 mm, so these
bitumen stripe widths of 0.5, 1, and 1.8 mm correspond to ice-bitumen
contact area fractions of ¢ = 35%, 67%, and 100% (experiments
described in detail later). We used pure Macor® surfaces (¢ = 0%

Properties of commonly used asphalt concrete aggregates and Macor® material at 25 °C (MACOR®, 2021). Where values of, thermal conductivity (K), specific heat (Cp),

density (p), apparent contact angle 6*, and complex modulus (G) are reported.

Thermal conductivity K (W.m LK)

Specific heat Cp (J.kg 2.K 1)

Density p(kg.m~>) Contact angle 8" (deg) Complex modulus G (GPa)

Macor® 1.46 790
Basalt 1.7 840
Limestone 1.26-3.0 909
Sandstone 1.7-3.0 710-900

Advancing: 28 + 2

2520 Receding: < 5 55
2400-3100 74 £5 50
2700 - 3-27

2850 - 10-20
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bitumen-ice contact area) as control samples.
2.3. Characterization

We used a commercial goniometer (OCA35, DataPhysics Instruments
GmbH) to perform contact angle measurements in sessile mode contact
angle at 0.5 pl/s dosing rate with final droplet volume of 10 pl. A
homemade environmental chamber was installed on the goniometer
stage for contact angle measurements in order to control sample tem-
perature and environment relative humidity (RH) conditions (see
Fig. A5). The inlet nitrogen stream at room temperature provided RH <
1%. The contact angle measurements were conducted at two sample
temperatures of 25 °C and — 10 °C, controlled by a thermoelectric
element. Commercial software was used for contact angle post-
processing (DataPhysics Instruments GmbH).

We performed ice adhesion in three modes of pure shear stress
(applied force parallel and tangential to the substrate), combined stress
(applied force at a finite height from the substrate and parallel to it), and
normal-tension stress (force perpendicular to the substrate). The ice
adhesion setup comprised four main elements (see Fig. A6a, and b). A
commercial cryogenic system was used as the cooling stage to cool the
substrates to subzero temperatures (BSC 196 from Linkam Scientific
Instruments Ltd.). The stage temperature was set to —24.5 °C, and the
surface temperature was measured T2 = —19.5 + 0.5 °C by a T-type
thermocouple. A copper plate was designed and installed on the cold
stage for mounting and holding samples firmly. At least 20 min of
conditioning time was considered after cooling the stage from room
condition to the target temperature at —20 °C/min to ensure the water
column was frozen on the sample. An environmental chamber was built
from transparent Plexiglas® and mounted on top of the cryogenic stage
to control humidity and prevent condensation and frosting on the
sample. Inlet Ny gas guarantees dry environmental condensation to
prevent frost formation on the surfaces. Over the conditioning time
before conducting the ice adhesion stress measurement experiments,
environmental conditions stabilize at T1 =13 £ 1 °C and RH < 1% and
environmental temperature of 24 + 1 °C.

A force sensor (Mark-10 model M5-5) was connected to a rod in
order to induce and measure the ice adhesion force for a given ice-
substrate contact area. An opening at the chamber wall was used as an
access point for the force sensor rod. A pointed head was installed on the
rod for the pure shear and combined stress ice adhesion tests to push 9
mm tall ice mold made of hard plastic (polystyrene) cylinders with an
inner diameter of D; = 1.8 mm and an outer diameter D,= 3 mm.
Initially, the empty ice molds were gently placed on the sample surface
and then filled with deionized water up to 8 mm in height from the
bottom. The height of the tip of the rod from the sample surface (h) was
set to zero for the pure shear mode (Fig. A6a). For combined stress, a force
was applied parallel to the substrate surface at the center-of-mass of the
ice (h = 4 mm). For the normal-tension mode, a triangular ring was
attached to the same size ice molds. The force rod was mounted on top of
the ice cylinder and connected to it by a hook, and the force was applied
away from and normal to the substrate surface.

The force sensor was installed on linear stage (NRT150/M, Thorlabs,
Inc.), and the height (h) was adjusted by a lab jack (L490/M, Thorlabs,
Inc.), according to the required experimental modes. All ice adhesion
experiments were conducted by induced force from a rod starting from a
stationary mode with an acceleration of @ = 0.01 mm/s?, far enough to
reach the constant velocity of V = 0.1 mm/s steady-state velocity con-
dition at contact. This velocity was selected based on commonly re-
ported and recommended values in other similar ice adhesion
experiments (Irajizad et al., 2019b; Meuler et al., 2010; Wang et al.,
2014).

Samples were placed in configuration to accommodate two bitumen
stripe directions, resulting in a perpendicular force and the other to
result in a parallel force with respect to the notch. For the composite
bitumen-Macor® samples, the circular ice mold was placed on the
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bitumen stripe so that the stripe was in the middle of the ice cross-
sectional area. Despite the directional independence of samples in the
normal-tension ice adhesion mode, these samples were installed in a
perpendicular direction as defined before (Fig. A8a). To compare mean
value differences between each set of data for different ice adhesion tests
on heterogeneous materials, we conducted a statistical two-sampled,
two-sided Student’s t-test and determined the probability (P) associ-
ated with a Student’s paired-test.

In the configuration where the ice mold cross-sectional area was
placed on the bitumen-Macor® boundary where the bitumen stripe
width was 1.8 mm so that half of the ice area was in contact with the
bitumen and the other half was in contact with the Macor® ceramic
(Fig. A8b). For two ice adhesion modes of pure shear stress and com-
bined stress, the impact of the material order was examined with respect
to the applied force, which was parallel to the substrate surface.

3. Results and analysis

First, we show the results of the ice adhesion experiments on ho-
mogeneous Macor® and virgin bitumen. Fig. 2a-c depicts a schematic
drawing of the ice adhesion experimental setup in three different modes:
pure shear stress, combined stress, and normal-tension stress, respec-
tively. Fig. 2d-f show plots of the experimentally measured force vs. time
in these three different modes on bitumen and Macor® substrates; the
maximum magnitude of the force required to remove ice from the sub-
strate, F*, measured during these experiments were used to calculate the
ice adhesion stress along with the ice-substrate contact area. The com-
bined stress mode has a lower F* due to the torque generated by force
acting at the bottom corner of the mold. Fig. 2g-i shows ice adhesion
stresses based on F* on bitumen and Macor®, for the three modes of pure
shear (zshear®,), combined stress (z.s*, and ocs*,), and normal-tension
(Onormal™)- We calculate the pure shear ice adhesion stress by ghear™ =
4F*/(7rDi2), the combined ice adhesion stress by 7.s* = 4F*/(zD;%) and
6es™ = 8hF*/(zD;%), and the normal ice adhesion stress by 6normal® = —
4F*/(aD;?).

F* was higher on Macor® in all investigated modes compared to
bitumen. Also, such force vs. time plots are consistent with a brittle
breakage behavior, as the force values drop rapidly after the peak,
especially for the pure shear and normal-tension modes. For the com-
bined stress ice adhesion measurements, o.s* is significantly greater than
7.s%, indicating that normal stresses dominate. This is due to the math-
ematical correlation o.s*/7.s* = 2h/D; depending on of h and D; values.
The value of 7gheq* as well as 7.5* and o65* on Macor® are approximately
twice the corresponding values on the bitumen substrate alone (Fig. 2g,
and h). From this, we see that ice adheres stronger to Macor® relative to
bitumen. In contrast, the value of 6yormal® on bitumen and Macor®
shows higher data scattering (Fig. 2i). This can be explained by Kendall’s
theory describing removal of a rigid object from an elastomer in tensile
mode. Based on this theory, the tensile modulus is three times higher
than the shear modulus (Kendall, 1971; Wang et al., 2018a). Here we
assume that viscoelastic bitumen is primarily elastic in cold tempera-
tures, which explains the fact that primarily tensile failure was seen.

Using heterogeneous bituminous surfaces that consist of a bitumen
stripe on Macor®, Fig. 3a shows plots of 7ghear® Vs. the bitumen-ice
contact area fraction, ¢. ¢ was varied by varying the stripe width
while keeping the ice-substrate contact area the same. The direction of
the bitumen stripe along its long length is perpendicular to the applied
force for four bitumen-ice surface fractions (¢ = 0%, 35%, 67%, and
100%). Fig. 3b shows a plot of 7ghear™ Vs. ¢ for the configuration where
the stripe direction along its long length is parallel to the applied force
direction. Results of the probability (P), associated with a Student’s
paired t-test, with a two-tailed distribution, are shown for each pair of
samples only when the difference between two groups is significant (i.e.
P < 0.05) by red lines.

Fig. 3c and d shows plots of o.s* and 7.s* vs. ¢ for the cases where the
applied force—which is applied parallel to the substrate interface—is
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modes. Calculated stresses based on absolute peak force F*defined in (d) (e) or (f) are plotted in the box plot (left) and data points (right) for three modes of g) pure
shear (7gpear™), h) combined stresses (o.* and 7.*), and i) normal-tension (6horma®) plotted for the absolute tensile force value. Each data point represents an

experiment of ice adhesion stress measurement.

acting in a direction that is perpendicular and parallel to the bitumen
stripe along its long direction, respectively. Fig. 3e shows a plot of
Onormal* VS. ¢.

When bitumen is ¢ = 0%, this means that the substrate is pure
Macor®, and such substrates have the highest values of 7gheq* of the four
surface bitumen fractions studied. The lowest value of 7ghear™ Was
measured in the case of ¢ = 67% (Fig. 3a). In the case of an applied
parallel force to the bitumen stripe (Fig. 3b), zshear™ correlates well with
¢. Similar to the combined stress results in Fig. 3c-d, the values of
Onormal™ in Fig. 3e show a large spread. As mentioned before, in our
experimental mode for the combined shear stress measurements, the
value of o.s* (magnitude) is larger than 7z.s*. From the t-test comparison
(Fig. 3a,b), it is evident that ¢ has a marked impact on 7sheor™ but not on
Oes®, Tes™, and Gnormal *-

Armed with an improved knowledge of ice adhesion stress on both
homogeneous and composite samples, we can state that Macor® is the
component with the highest values of Zghear™ , 0cs™, 7cs™, and Gnormal™- TO
reduce its adhesion to ice, we deposited a previously developed super-
hydrophobic coating (Schutzius et al., 2011) onto the Macor® surface.
Micrographs of pure Macor® (Fig. 4a) and the superhydrophobic coated
Macor® (Fig. 4b; SHM) reveal that the coating is uniform. SHM was
measured to have a receding contact angle of >150° at room condition
(Fig. 4c) with very small <1° contact angle hysteresis. Even with care
taken to keep environmental conditions dry, while cooling the substrate

to —10 °C, condensation likely formed on the Macor® and SHM surface
roughness, causing the receding contact angle to decrease. This is a
result of the fact that the droplet is at ambient temperature and has a
higher vapor pressure around the droplet (Mitridis et al., 2020). Using
Macor® and SHM substrates, Fig. 4d, e, and f show plots of Tspear™ ; 0cs™
and 7.*; and opormal”*, respectively.

The wettability results show that the superhydrophobic behavior of
this and any other similar coating depends on the environmental tem-
perature and the relevant values of contact angles are not those of
measurements in standard atmospheric conditions but those measured
at the actual low-temperature experimental conditions (Fig. 4c).
Increasing the hydrophobicity of Macor® leads to a decrease in 7gpear™ ,
Ocs™, Tes™, and opormal*—by approximately half—compared to its initial
value on untreated Macor® (Fig. 4d-f). Several possible mechanisms
contribute to reducing ice adhesion stress on hydrophobic surfaces.
First, trapped air pockets in the surface topography of hydrophobic
coatings provide weak mechanical bonding between ice and substrate
(Shen et al., 2015). These cavities can behave as localized stress zones
and make it easier to break the ice-substrate interface (Wang et al.,
2018b). Secondly, low surface energy coatings can reduce ice adhesion
stress (Meuler et al., 2010). Furthermore, it is possible that a portion of
the superhydrophobic coating is actually removed during the ice
detachment process, with the top layer of the coating acting as a sacri-
ficial layer. From the practical aspects, on the one hand, using a
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Fig. 3. Impact of substrate heterogeneity and anisotropy on ice adhesion. Results are shown for four bitumen-ice area fractions of ¢ = 0% (i.e., pure Macor®), 35%,
67%, and 100%. Samples were installed in two selective stripe directions—defined as the direction along the long length of the stripe—namely, perpendicular and
parallel to the applied force. Plots of 7shear™ Vs. ¢ for a) perpendicular and b) parallel applied force directions; results of probability associated with a Student’s paired
t-test, with a two-tailed distribution, are shown by red lines only for each pair of samples only when the difference between two groups is significant (i.e. P < 0.05).
Plots of 6.s* and 7.s* vs. ¢ for ¢) perpendicular and d) parallel applied force directions. ) Plot of 6ormal™ VS. ¢, and such measurements are neutral to the direction of
the stripe with respect to the applied force direction; but samples were installed in similar perpendicular directions as panels (a) and (c). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

superhydrophobic coating on pavements raises concerns of coating
durability, and the reduced traction forces on the pavement due to
surface chemical treatments that could negatively affect skid resistance.
On the other hand, it is shown that mechanical hysteresis resulting from
rubber tire deformation with pavement’s rough surface topography can
hold the required friction (Ahammed and Tighe, 2009; Arabzadeh et al.,
2017; Arabzadeh et al., 2016; Kogbara et al., 2016).

Before discussing our results further, we reiterate our objective of
increasing the intrinsic icephobicity of surfaces relevant to roads after
understanding ice adhesion on heterogeneous bituminous surfaces with
the main component elements of road surfaces (bitumen and gravel).
The next consideration is the effect of the material order in the direction
of applied force (that is, bitumen first or Macor® first) on ice adhesion
stress. The ice contact areas on these materials are equal. Fig. 5a shows a

plot of Tghear™ Vs. the material order appearance with respect to the
applied force direction for bitumen-Macor® and bitumen-SHM sub-
strates. Fig. 5b shows a plot of o.* and 7s* vs. the material order
appearance with respect to the applied force direction for bitumen-
Macor® and bitumen-SHM substrates.

When the rigid Macor® (or SHM) is placed before the softer bitumen,
Tshear” 1S lower than in the opposite case, Fig. 5a. In both material order
configurations, by making the Macor® superhydrophobic, the value of
Tshear” decreases. Notably, lower 7gheqr™ Were recorded when synergy
both parameters of the material order and Macor® surface coating. The
lowest value of Tghear® Was measured when the SHM was the first ma-
terial to appear—relative to the applied force—followed by bitumen. In
the case of the combined stress, the material order appearance relative

to the applied stress direction has an effect on o.s* and 7.s*, although
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contact angles of a water droplet on Macor® and SHM at two sample temperatures of 25 °C and — 10 °C and environmental condition of RH < 1% at 24 + 1 °C. Plots
of ice adhesion stress on Macor and SHM: d) tghear™, €), 0cs* and 7es*, and f) 6pormal®. Scale bars: (a)-(b) 1 mm.
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both results are less pronounced compared to the pure shear stress case.
Although o™ is larger than 7.s*, the trend remains similar, and the SHM-
bitumen substrate shows a lower ice adhesion stress (Fig. 5b).

The above behavior—where the ice adhesion stresses are lower when
the rigid material appears first, and the softer material appears second
relative to the applied force—can be explained by the interfacial inter-
action of ice with rigid and soft substrates. Soft materials, to an extent,
can deform by the stresses in any direction, while rigid materials cannot
follow interfacial strains in contact with another solid body. The elas-
ticity of a soft substrate can potentially prevent early micro-crack for-
mation under small strains, and the existing cracks cannot connect and
propagate along with the interface. The applied force hits the ice mold
from a single point with a high-stress concentration at the location of
force. Therefore, when the soft material appears first relative to the
applied force, larger stresses on the soft material can be paid off by high
strains and allow the rigid section also contributes to the carrying ice
adhesion stress. When the rigid section is the first material, due to
negligible strain, the stress cannot completely transmit, and the contri-
bution of the soft section remains limited. Thereafter, the half area of the
ice mold on the rigid section mainly takes the stresses, and when the
stress reaches the critical point, the ice substrate detaches by lower
applied forces.

~0 ~@

SHM B

B SHM

4. Discussion and conclusions

This study investigated ice adhesion on heterogeneous (bitumen-
Macor®) materials representative of elementary road surface composi-
tion in three modes: pure shear, combined stress, and normal-tension.
We showed that Macor® yields the highest ice adhesion stresses
compared to bitumen. Two parameters of the sample heterogeneity,
namely, direction with respect to the applied force (perpendicular or
parallel) and the bitumen fraction of the composite substrates mainly
affect the pure shear mode adhesion. By increasing the bitumen fraction,
the pure shear stress mode showed a decreasing trend. Moreover, it is
shown that a superhydrophobic coating can reduce the ice adhesion
stresses of rigid Macor® at low temperatures. Ice adhesion stresses of
Macor® after surface treatment decrease to the same range as for ho-
mogeneous bitumen alone and is half of the initial (before coating) value
of pure Macor®. We also found that for ice formed half on the bitumen
and half on Macor® (or Macor® made superhyrophobic), if Macor® is
first and bitumen second (material order), with respect to the applied
force direction, then the measured ice adhesion stress is less compared to
the reverse case. This material order combined with the surface treat-
ment modification reduced ice adhesion stresses further. In this case, the
results were also lower than ice adhesion stress values for each
component material.

The present basic results show concepts that can affect ice adhesion
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on surfaces relevant to road and other applications, where mechanical
heterogeneity is present. Future studies can exploit such basic concepts
on larger scale applications, aiding the development of surfaces with
facile ice removal properties, while also complying with available
guidelines and standards of mechanical performance, skid resistance,
and environmental footprint.
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Bitumen is a complex material with temperature-dependent viscoelastic mechanical properties. Fig. Ala shows plots of the complex modulus of
bitumen vs. frequency using a dynamic shear rheometer (DSR; Physica MCR 301 DSR, Anton Paar® GmbH, Austria). The bitumen that was used was
virgin Q8 70/100 bitumen, and the frequency sweep was done from 0.1 to 20 Hz for temperatures of —10 °C, 0 °C, 10 °C, 20 °C, 30 °C (Fig. A1b).
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Fig. Al. Dynamic shear rheometer results of bitumen over frequency sweep at different temperatures. a) Complex modulus vs. frequency of for various temperatures.

b) Phase angle vs. frequency for various temperatures.
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Fig. A2. Surface topography of Macor®. a)-d) SEM micrographs of the untreated Macor® surface used in the study. Magnification increases from (a) to (d).

Fig. A2 shows that the surface roughness features are in the microscale range. Fig. A3 shows an example surface topography of Macor® measured
by a profilometer, and we found that the root-mean-square (RMS) surface roughness was 0.34 + 0.04 pm (average of five separate measurements).
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Fig. A3. Surface roughness of Macor®. A single linear profilometry scan of the untreated Macor® surface used in this study. We did five separate linear scans that
were 2 mm long, and we found that the average RMS roughness was 0.34 + 0.04 pm.

In comparison, X. Gan et al. have reported that the RMS surface roughness of aggregates used in pavement is in the range of ~25 pm to ~34 pm
(Gan, 2017; see Table A1). For cold regions application, researchers characterized similar aggregates and found that they had RMS surface roughness
values of ~6 pm (granite) and ~ 7 pm (gabbro) (Perez et al., 2015). So while the RMS surface roughness of untreated Macor® is smaller than that of
aggregates used in cold regions, we also found that by treating Macor® with a superhydrophobic coating the ice adhesion stress was reduced. Also, if
the aggregates are treated to be superhydrophobic, water will not penetrate through the surface for the larger roughnesses typical of the aggregates
mentioned above. Hence, in this case the effect of roughness on adhesion is expected to be minor.

Table A1
Comparison of surface roughness from various aggregates and Macor®.
Rock type Macor ® Granite Gabbro Limestone Basalt
29.00 (Gan, 2017) 33.87 (Gan, 2017)
RMS roughness [pm] (ref.) 0.34 + 0.04 6.35 % 0.90 (Perez et al., 2015) 7.21 + 0.67 (Perez et al., 2015) 32.06 (Gan, 2017) 24.84 (Gan, 2017)

As it is not possible to cut the Macor® substrate, we cast bitumen on the same geometry glass coverslip. Cross-section of solvent cast bitumen on
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circular 18 mm diameter glass coverslip shows uniform thickness far away from the sample edge. Here we show cross-section images of a bitumen
coating with a thickness of ca. 225 pm on a glass coverslip (Fig. A4a) and superhydrophobic coated circular 18 mm diameter Macor® with a coating
thickness of ca. 25 pm (Fig. A4b).

Fig. A4. Thickness analysis of bitumen and superhydrophobic coating. a) Cross-sectional image of a bitumen coating on glass coverslip revealing its thickness. b)
Scanning electron micrograph showing a view of a superhydrophobic coating Macor®.

Fig. A5 depicts the contact angle measurement setup. A homemade environmental chamber equipped with a thermoelectric temperature stage and
inlet nitrogen to keep environmental condition dry (RH < 1%) at 24 + 1 °C. The homemade chamber is installed on a commercial goniometer
apparatus (OCA35, DataPhysics Instruments GmbH) which only the camera, syringe, and light source are shown in Fig. A5.

Nzi
L °

Temperature
stage

Camera

@ Thermocouple O©RH and T sensor

Fig. A5. Contact angle measurement setup. Schematic drawing of an environmental chamber with nitrogen inlet to control RH and thermoelectric modulus installed
as temperature stage to control the sample temperature. Green dot shows the location of the environmental temperature and RH and red dot shows the location of a
thermocouple attached to the stage to measure the sample temperature. The environmental chamber is installed on a commercial goniometer apparatus which
camera, syringe, and light source are belonged. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Custom build ice adhesion setup is shown in Fig. A6a, b. It consists of four main sections: 1-cryogenic stage, liquid nitrogen reservoir, and its
controller, 2- transparent environmental chamber with inlet Ny to provide the dry experimental ambient condition, 3- Mark-10 model M5-5 force
sensor connected to a rod to apply/record force. 4- NRT150/M linear stage from Thorlabs for constant velocity movements of the force sensor.
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Fig. A6. Schematic drawing of the ice adhesion experimental setup. a) For pure shear and combined stresses experiments, b) for normal-tension stress experiments.
The cryogenic stage setup controls temperature (1), the chamber keeps the environmental RH < 1% condition in control, the green dot shows the location of the
environmental temperature (T1) and RH sensor, and the red dot shows the location of a T-type thermocouple which reads the sample surface temperature. (2), the
force sensor measures and records the force (3). The linear stage provides constant velocity to apply force for ice adhesion measurements (4) and lab jack to change

10
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the applied force height h for pure shear and combined stresses experiments. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

To form ice, a water column (volume ~ 25 pl) was gently placed on the test surface, which is then cooled down to —20 °C. Fig. A7b shows the water
column on the bitumen surface. Fig. A7c shows the water column freezing, and Fig. A7d shows it after it has completely frozen. We see that ice
nucleation starts from the liquid-substrate interface and propagates upwards. After several minutes, the entire column freezes. Fig. A7d shows that the
ice is cloudy, which we attribute to small bubbles that form naturally during freezing. We note that we did not detect any large, trapped air pockets.

o t=0
\

water level

R 1, o) d
— - «— bitumen
surface

i

Fig. A7. Forming ice for ice adhesion experiments. a) The mold is filled with water and is placed in contact with bitumen. Lines shown: bitumen surface (—), bottom
of water mold (white line) and the water level (—). b) The water column is placed in contact with the bitumen surface. c) The substrate is cooled and the water starts
to freeze (opaque). The freezing front propagates upwards from the bottom (—). d) The water column is completely frozen and is opaque, indicating the presence of
tiny bubbles.

Fig. A8a shows top-view schematics of ice mold on composite samples in two parallel and perpendicular directions to the applied force. For
studying the impact of the material order, the ice mold was placed on the boundary of rigid-soft materials where the notch size is 1.8 mm (Fig. A8b).
We repeated the material order experiments on superhydrophobic coated Macor® samples.
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Fig. A8. Bitumen stripe and applied force directions for ice adhesion measurements on bituminous substrates. a) Sample direction for two directions of the bitumen
stripe when is perpendicular or parallel with respect to the applied force. Schematics show bitumen stripe width at three area fraction percentages ¢ regarding 35%,
67%, and 100% of iced area coverage. b) Schematic drawing of placing samples on the boundaries of 1.8 mm bitumen stripe with Macor®, when Macro® is first
material with respect to the applied force or the opposite.
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