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Icephobic coatings represent a sustainable and cost-efficient technology for preventing hazardous ice
buildup across airframe surfaces. However, commercially available icephobic coatings still lack the metrics
required for aircraft applications. Cyclic voltammetry is an electrochemical analysis technique that can
detect ice formation by providing a distinct oxidation current response to the phase change. In this study,
the technique was used to compare individual surface temperatures at water freezing across a variety of
icephobic coatings on airframe surfaces that were roughened by sand blasting with alumina and modified
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by zinc oxide or neodymium oxide nanoparticles. The effect of sand blasting alone on delayed water
freezing was marginal due to the self-leveling properties of icephobic coatings. However, addition of metal
oxide nanoparticles delayed the formation of ice on the icephobic coatings. These findings provide new
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insight into the mechanism governing freezing point shift for the benefit of aircraft flying under extreme
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Introduction

Icing and ice adhesion on aircraft surfaces are major sources
of safety hazards and equipment malfunctions.'™ Aircraft
flying under extreme weather conditions incur ice accretion
through the accumulation of impinging precipitation, which
freezes upon contact with the aircraft or after rolling across
the forward-facing surface.” The accumulation of ice on
critical aircraft surfaces, such as wings, propellers, fuselage,
engine nacelles, airfoils, and sensor ports, can substantially
interfere with the operation of the aircraft.® Grounded aircraft
are also susceptible to the accumulation of ice, frost, or snow
on the airframe which, if not removed, can significantly
impact aircraft control and stability during take-off. The
breadth and severity of this problem have demanded the
development of new, cost-effective, energy-efficient, and
environmentally sustainable solutions to combat the threat of
icing against the aerospace and aviation industries.

Icephobic coatings offer a promising passive technology to
delay and reduce ice accretion on airframe surfaces.”* The
icephobicity of a coating can be assessed through material
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characteristics such as water contact angles, water freezing
temperature, and ice adhesion strength.'> In comparison
with active ice protection systems currently used in the
aerospace industry, icephobic coatings present several merits
including lower costs, reduced energy requirements,
mechanical durability for many de-icing cycles, and
negligible environmental impact. As such, a large body of
literature has been published to study and develop different
types of icephobic coatings, including superhydrophobic,"*™*
liquid-infused,'®?® hydrated surfaces,”* and solid lubricant
film** to minimize or even eliminate the need for complex
and costly active ice protection systems. However, despite
significant progress, the development of icephobic coatings
exhibiting both high icephobicity and robustness required
for aerospace applications remains a challenge. To date, a
commercial icephobic coating viable for aircraft applications
has yet to be established.

Given the aerospace industry's strong need for effective
passive ice protection, it is worthwhile to explore how the
icephobicity of existing coatings can be further enhanced
through surface modifications. In this study, we will
investigate two such modifications: increasing surface
roughness and depositing metal oxide nanoparticles onto the
coating surface. Surface roughness is one of two main
factors, along with wettability, responsible for determining
the probability of ice formation.*® Ice adhesion strength can
be drastically reduced by increasing the number of air
pockets at the ice-solid interface to lower liquid-solid contact
prior to freezing.>*** This patterning can be achieved by
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preparing surfaces at roughness levels close to or smaller
than critical ice nuclei size, thereby reducing ice formation
through the elimination or significant delay of ice
nucleation.®® Surface roughness is not sufficient enough to
lower ice adhesion independently. Instead, surface materials
of similar roughness have shown a strong dependence on
surface energy, such that lower surface temperatures at water
freezing were associated with lower surface energies.””””® This
correlation has shown that the surface temperature at ice
formation can be significantly reduced by adjusting surface
roughness to maximize the free energy barrier.>*>°

Surfaces roughened with micro- or nano-structures have
also shown reduced ice adhesion strengths and lower surface
temperatures at ice nucleation.”® For example, silica
nanoparticles were added to selected icephobic coatings to
reduce ice formation on the surface.”> Nanoparticles offer
corrosion  protection, wear-resistance, and thermal
protection, which are areas within the aerospace industry
where existing icephobic coatings lack performance. Several
other nanomaterials, such as graphene-based
composites,**** carbon nanotubes,®> and metal oxide
nanoparticles,®® are already being developed to prevent ice
accumulation on aircraft surfaces while simultaneously
reducing corrosion, erosion, and fuel usage.*” Similarly, these
particles are being grown on existing icephobic surfaces to
generate and nano-scale roughness.*® Indeed,
increased surface roughness and nanoparticle deposition
have both been found to delay ice formation on coated
surfaces.

Cyclic voltammetry has been extensively used to study
electrochemical processes at temperatures well below a
solvent's freezing point.***” It has also been used as an
analytical technique to detect ice formation on a variety of
surfaces, with and without icephobic coatings, in previous
studies conducted by this research group. A significant
increase of faradaic current density was observed across all
sample surfaces during the water to ice phase change using
this technique, which suggests that it can be used as a
sensing technique for ice formation.*® Icing research has
extended to the development of technologies designed to
detect ice formation on grounded and in-flight aircraft.”
Vibrating probes,®® optical/particle beam occlusion,” and
rotating cylinder/torque measurement detectors”> exist for in-
flight detection of ice accretion. However, these systems have
yet to be widely implemented within the aerospace industry
for active control of ice protection. Due to the need for
accurate ice detection of aircraft surfaces, reliable sensing
technologies, such as cyclic voltammetry, show promise as a
new option for sensing early icing.

The objective of this work is to determine the surface
freezing temperature of icephobic coatings using cyclic
voltammetry after increasing surface roughness and
depositing metal oxide nanoparticles on the surface. This
method was used to compare the surface temperature at the
point of water freezing to note any differences in delaying ice
formation. The surfaces of aluminum alloy coupons were
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roughened by sand blasting with alumina. Zinc oxide or
neodymium oxide nanoparticles were then added to selected
icephobic liquid coatings and applied to the surface. By using
cyclic voltammetry, the impact of these modifications on
surface freezing temperature was studied. Both increased
surface roughness and the deposition of metal oxide
nanoparticles reduced the surface temperature required for
ice formation. This paper will determine whether this
relationship persists over a variety of icephobic coatings,
thereby supporting the use of the developed cyclic
voltammetry technique as a sensor for surface icing for
improving the anti-icing perseverance of aircrafts and
actuating the ice protection system of an aircraft in flight.

Materials and experimental methods
Sample preparation

Six smooth and six roughened aluminum alloy (AA 2024-T3,
100 mm x 26 mm x 1.2 mm) coupons were used as the
substrates. The aluminum coupons were cleaned with soap
water, wiped with isopropyl alcohol, and air dried before
applying icephobic coatings. Five commercial icephobic
coatings were evaluated: Nusil® R-1009 RTV silicone
dispersion (Avantor Sciences, Radnor, PA, USA), Nusil®
R-2180 silicone dispersion (Avantor Sciences, Radnor, PA,
USA), Sylgard™ 184 silicone elastomer (Dow Chemical,
Midland, MI, USA), Liquid Glass Shield Hard Surface (Liquid
Glass Shield, London, UK), and MG Chemicals® Silicone
Conformal Coating (MG Chemicals, Burlington, ON, Canada).
These coatings were selected due to their commercial
availability and the variance in their physicochemical
properties pertaining to icing. The coating application
followed the recommended protocols as per the technical
data sheets.’*” Relevant physical and chemical properties of
the coatings are summarized in Table 1. Coating thickness (t)
was estimated through dividing the mass of dry coating by
the coated area and the coating density.

Surface roughing and roughness measurement

Roughening of AA 2024-T3 coupon surfaces was achieved by
sandblasting with 430 micron Al,O; (alumina) under the
following conditions: 50 psi, 4 passes at a 6" blasting
distance and a 90° blasting angle. The nozzle size was " in
diameter. The surface profile of both smooth and roughened
coupons was measured using a Bruker DektakXT surface
profilometer (Billerica, MA, USA) with a resolution of 4 A. A
2000 micron rectilinear profile reading was taken in one
direction across the surface. Surface roughness (Rz) was
calculated as the difference between the highest peak and
the deepest undercut measured; it was meant for indicating
the magnitude of thickness variations. These measurements
were repeated at six locations across the sample surface and
averaged. This process was repeated after the icephobic
coatings were applied to determine the impact of coating on
the surface roughness of each coupon.
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Table 1 Properties of commercial icephobic coatings applied to the smooth and roughened AA 2024-T3 coupons

Coating thickness (mm)

Viscosity Dry film
Coating Description (mPa s) density (g cm™)  Smooth coupon  Rough coupon
Nusil® R-1009 One-part RTV silicone rubber protective and 6150 0.82 0.36 0.33
conformal coating
Nusil® R-2180 Two-part silicone elastomeric icephobic coating 3075 0.96 0.34 0.35
Sylgard™ 184 Two-part silicone elastomeric coating 555 1.11 0.28 0.31
Liquid Glass Shield  Protective nano coating Not provided  1.00 0.07 0.07
MG Silicone Silicone modified aerosol conformal coating <18.2 0.89 0.09 0.10

Surface modification with metal oxide nanoparticles

Icephobic coatings comprising metal oxide nanoparticles
were prepared and investigated for their surface temperatures
at water freezing. Specifically, 0.1 g of zinc oxide (ZnO)
nanoparticles or neodymium oxide (Nd,O;) nanoparticles
(Sigma-Aldrich, St. Louis, MO, USA) were added to 20 mL of
the icephobic coatings and sonicated for 20 minutes using
the FS-300N Ultrasonic Homogenizer Sonicator Processor to
ensure the uniform dispersion of the nanoparticles
throughout the coating. The ZnO or Nd,0O; modified coating
was then applied to a cleaned AA 2024-T3 coupon and cured
following the protocols outlined in the hydrophobic coating
technical datasheets.

Water contact angle measurement

The water contact angle was measured by the sessile drop
method using an automated ramé-hart Instruments 290-U4
goniometer (Succasunna, NJ, USA). Static contact angles were
measured by lowering a drop of de-ionized water (ca. 4 uL) at
4 different locations on each test surface using the
instrument's automated dispensing system. Dynamic contact

angles (i.e., advancing and receding) were measured using
the volume addition and subtraction method. The advancing
contact angle was measured by keeping the addition of de-
ionized water in 0.25 pL steps to the water droplet until the
maximum contact angle was observed. The contact angle
measurement had a 0.5 s delay time. Inversely, the receding
contact angle was measured by subtracting the water droplet
in 0.25 pL steps until its edges started retracting up or a
minimum contact angle was reached. The advancing and
receding contact angle measurements were repeated 4 times
on each test surface. All contact angles were analyzed by the
DROPimage Advanced software.>®

Icing set-up

Water freezing temperatures on different test surfaces were
analyzed using a cyclic voltammetric (CV) technique in a
home-built icing chamber (Fig. 1) that provides a
temperature- and moisture-controlled environment suitable
for icing. An ATS-CP-1002 cold plate (Advanced Thermal
Solutions, Norwood, MA, USA) was connected to an MGW
Lauda Brinkmann RM 3 water bath cooler (Marlton, NJ, USA)
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Fig. 1 Schematics of the icing set-up constructed for cyclic voltammetry analysis of 0.1 M KCl solution from room temperature to individual

surface temperatures at water freezing.
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that was used to regulate the cold plate temperature.
Nitrogen gas was pumped through the icing chamber in a
steady stream to regulate moisture. It was assumed that the
relative humidity in the icing chamber was very low due to
the purging nitrogen gas flow and no condensation could
occur inside the chamber during testing. However, no
humidity level was actually measured. During the test, an
aluminum coupon was placed on the cold plate in the icing
chamber with the test surface facing upwards. Every effort
was made to ensure complete contact between the sample
coupon and the cold plate to achieve an equal temperature
distribution. A Digi-Sense® thermocouple probe was
thermally insulated and mechanically taped to the test
surface of the coupon to provide accurate surface
temperature measurements. A 150 pL droplet of water
containing 0.1 M KCI electrolyte was placed on the coupon
surface within a rubber O-ring (7/16" inner diameter and 9/
16" outer diameter). A screen-printed electrode (SPE) was
placed on top of the O-ring in direct contact with the water
droplet contained within the O-ring and the screen-printed
electrode was then connected to a Solartron Analytical SI
1287 potentiostat (Farnborough, Hampshire, UK) in a three-
electrode configuration (i.e., a graphite working electrode, an
Ag/AgCl reference electrode, and a graphite counter
electrode). The SPE and O-ring were secured in place using a
200 g weight that compressed the water drop into a columnar
shape under constant pressure at all temperatures. Upon
freezing, slight volume expansion is expected but was not
considered critical in this study at this stage. The working
electrode potential was scanned between +1.0 and -1.0 V with
an initial potential of zero volts relative to the reference
electrode. During this analysis, the temperature of the cold
plate was slowly decreased at a cooling rate of 0.2 °C min™"
to allow the water droplet on the coupon surface to freeze.
Cyclic voltammograms were collected continuously at a 100
mV s scan rate until the phase change from water to ice
was observed by a sharp increase in the faradaic current
density at +1.0 V. The resulting voltammetric responses were
analyzed to determine whether the modification of test

>

Surface Roughness (um)

e me B LW

Nusil R-  NusilR-  Slygard  Liquid MG
1009 2180 184 Glass  Silicone
Shield

Icephobic Coating

M Bare Substrate W Coated

View Article Online

Paper

surfaces influenced their temperature at water freezing.
Surface temperatures could be verified by a visual observation
on the phase change using a Reed Instruments R2160
thermal imaging camera (Wilmington, NC, USA) mounted on
top of the icing chamber.

Results
Surface roughness

The measured surface roughness for each test coupon with
and without coating is summarized in Fig. 2. As expected, the
uncoated, sandblasted AA 2024-T3 coupons (Rz = 1.3-2.4 um)
exhibited greater surface roughness than the smooth
aluminum coupons (Rz = 0.4-0.6 um). The application of
coatings to the coupon surface reduced the roughness of all
coupon surfaces, due to the self-levelling ability of the
coatings and the higher coating thickness compared to the
surface roughness of the substrate AA 2024-T3 coupons,
regardless of the surface roughening.

As it can be seen from Fig. 2, all the silicone coated
coupons (i.e., by Nusil® R-1009, Nusil® R-2180 and Sylgard™
184) showed comparably small roughness variation of less
than 0.365 um, independent of the surface roughness of the
substrates. In contrast, Liquid Glass Shield and MG Silicone
coated coupons showed greater surface roughness on the
roughened aluminum substrates than on the smooth
substrates; the measured roughness differences are 0.4 um
and 0.6 um, respectively. The Liquid Glass Shield and MG
Silicone coatings maintained much thinner dry film
thickness than the silicone coatings (Table 1). As such, their
self-leveling properties are more variable across coupons with
increased surface roughness.

Water contact angles

The measured static (6), advancing (6,q,) and receding (6yec)
contact angles for all coated and uncoated coupons are
summarized in Table 2. The bare aluminum exhibited static
water contact angles of ca. 93° for the smooth coupons and
ca. 99° for the roughened coupons. The application of the

Nusil R-  Nusil R- Slygard  Liquid MG
1009 2180 184 Glass  Silicone
Shield

Icephobic Coating

M Bare Coupon M Coated

Fig. 2 Averaged surface roughness measurements for AA 2024-T3 coupons on: (A) smooth substrates and (B) rough substrates.
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Table 2 Averaged water contact angles for AA 2024-T3 coupons, with standard errors (= standard deviation/\/number of samples)

Smooth substrate

Roughened substrate

Advancing Receding Advancing Receding

Static contact contact angle contact angle Hysteresis Static contact contact angle contact angle Hysteresis
Coating angle (6, ©) (Gaay, ©) (Brecs ©) (A0) angle (6, °©) (Bagy, ©) (Brecs ©) (A0)
Uncoated 93.6 £ 0.5 94.0 £ 1.6 35.9+1.7 58.1 99.0 £ 1.1 97.7 £ 0.7 48.6 £ 2.7 49.1
Nusil® R-1009 117.9 £ 0.6 124.5 + 0.8 53.6 £ 2.8 70.9 114.7 + 1.1 117.6 £ 0.8 80.7 £ 1.0 36.9
Nusil® R-2180 105.3 £ 1.8 107.1 £ 0.9 66.5 £ 1.0 40.6 112.6 + 0.4 116.4 + 0.4 74.5 £ 1.0 41.9
Sylgard™ 184 108.3 £ 1.0 106.8 + 0.4 741 +£1.2 32.7 111.9+ 0.8 116.7 + 1.5 74.8 £ 1.6 41.9
Liquid Glass Shield 96.2 £ 0.7 103.7 £ 0.7 85.0 £ 2.1 18.7 96.4 £ 1.1 103.2 + 0.8 76.3 £ 1.5 26.9
MG Silicone 91.6 £ 0.3 93.0 £ 0.4 61.3 £ 1.5 31.7 85.1 £0.3 96.3 + 2.6 52.1+1.1 44.2
icephobic coatings was anticipated to increase the  increase with the roughening of a hydrophobic (ie., contact

hydrophobicity of the aluminum substrate, which was
confirmed for all the test coupons except for the MG Silicone-
coated ones that showed slightly lower static water contact
angles of ca. 92° for the smooth substrate and 85° for the
roughened substrate (Fig. 3 and Table 2).

While static contact angles characterize a surface, the
receding contact angle, a dynamic property, is known to have
an established relationship with the ice adhesion strength.”
No clear correlation of the receding angle with freezing
temperature was observed from the data in this study.
Fundamentally, ice adhesion strength and water freezing
temperature are two distinct parameters governed by different
surface properties. More research will be needed to investigate
this correlation in future studies. As shown in Table 2, all the
coated coupons recorded noticeably higher receding contact
angles than the uncoated coupons, including the MG Silicone
coated coupons. This suggests an increased icephobicity due to
the coating application. Trends among the receding contact
angles of the studied coatings were consistent across both the
smooth and roughened AA 2024-T3 substrates. Additionally,
the rough substrate-based coupons recorded higher receding
contact angles in all cases than those based on smooth
substrates, with increases being as much as 27.1°. This result
was anticipated as the Wenzel equation establishes a
relationship between the surface roughness and water contact
angle.’® As such, the apparent contact angle is expected to

D E F

Fig. 3 Water droplet profiles on smooth AA 2024-T3 with and without
coating: (A) uncoated, (B) Nusil® R-1009, (C) Nusil® R-2180, (D)
Sylgard™ 184, (E) Liquid Glass Shield, and (F) MG Silicone.
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angle >90°) surface.® The roughened substrate-based coupons
all possess greater surface roughness than the smooth
substrate-based coupons. Therefore, on the basis of this
criterion, it was not surprising that the rough coupons
displayed greater water contact angles (both static and
dynamic) than the smooth coupons. The receding contact
angle is influenced by surface roughness but predicting it
directly using the Wenzel equation is not straight forward.**

Freezing temperature determination using CV analysis

CV analysis has been demonstrated as an effective technique for
detecting the freezing of water on a surface with a high degree
of accuracy. In this study, the CV technique was employed to
measure the surface temperature of all the test samples upon
water freezing. As anticipated, the freezing temperature of water
appeared to vary between the coated coupons as the icing
behaviour is influenced by the surface properties, where a
delayed nuclei formation due to surface hydrophobicity can lead
to supercooling of water and decreased freezing temperature. In
our study, all the coupons recorded freezing temperatures below
0 °C (ie., the freezing point of water under equilibrium
conditions) when the water-ice phase change was observed. The
depression of freezing temperature by about 0.37 °C caused by
the use of 0.1 M KCl as the supporting electrolyte in the CV
analysis was accounted for in the interpretation of the
experimental data. The corrected freezing point temperatures on
different test surfaces are presented in Table 3.

The smooth uncoated smooth AA 2024-T3 coupon
exhibited the highest surface temperature of —1.2 °C at water

Table 3 Surface temperatures on the AA 2024-T3 coupons at the
freezing of a 150 puL water after adjustment of 0.1 M KClI freezing point
depression

Surface temperature (+0.2 °C)

Coating Smooth substrate Roughened substrate
Uncoated -1.2 -1.6
Nusil® R-1009 -3.4 -3.7
Nusil® R-2180 -2.7 -2.8
Sylgard™ 184 -4.3 -4.5
Liquid Glass Shield -3.7 -3.8
MG Silicone -3.9 -4.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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freezing, followed by the roughened uncoated AA 2024-T3
coupon, which showed a freezing temperature of —1.4 °C. In
contrast, the coated coupons exhibited freezing temperatures
lower than the uncoated ones, ranging from a temperature
decrease of 1.5 °C for Nusil® R-2180 to 3.1 °C for Sylgard™
184. Little difference in freezing temperature was observed
between the coated coupons with smooth and roughened
substrates. This result could be expected as a decrease in the
temperature required for water freezing had previously been
shown to not be significantly affected by surface
topography.®’

Influence of metal oxide nanoparticles

The selected coatings were modified with the addition of
ZnO and Nd,O; nanoparticles to investigate the effect of the
presence of metal oxide nanoparticles on the water freezing
temperature. ZnO nanoparticles have been shown to increase
the icephobicity of surfaces,**®> while Nd,O; nanoparticles, a
rare-earth oxide with intrinsic hydrophobicity, were
investigated for similar icephobicity enhancement.®®®” As
such, CV analysis of water freezing temperatures of the
modified surfaces was carried out. As with the coupons
studied above, all the metal oxide nanoparticle-modified
coatings showed a significant spike in the faradaic current
density at +1.0 V versus Ag/AgCl at the water freezing
temperature. The resulting changes in the averaged surface
temperature at water freezing are displayed in Fig. 4.

The presence of ZnO or Nd,O; nanoparticles on the
surface of bare AA 2024-T3 coupons and in the coatings
deposited on smooth and roughened AA 2024-T3 substrates
was found to decrease the water freezing temperatures. This
decrease was most significant with ZnO nanoparticles which
lowered the surface temperature at water freezing by 0.9 °C.
Nd,O; nanoparticles on AA 2024-T3 or in the coatings also
resulted in a water freezing temperature decrease by 0.1-0.6
°C. As a decrease in surface temperature of ice formation is a
metric of icephobicity, it can thus be concluded that the
presence of these metal oxide nanoparticles on the coupon
surfaces increases the icephobicity. These findings
corroborate the known ability of ZnO nanoparticles to
enhance the anti-icing properties and confirm the hypothesis
that similar anti-icing properties can be attributed to Nd,O3
nanoparticles. As shown in Fig. 4, little difference in water
freezing temperature was observed between the smooth and
roughened aluminum coupons. Furthermore, the coated
coupons exhibited a further decrease in the surface
temperature at water freezing compared with the uncoated
coupons, with uncoated AA 2024-T3 displaying the highest
surface temperature at water freezing (-2.1 °C and -2.5 °C for
ZnO nanoparticles on the smooth/rough coupons, and -1.8
°C and -2.2 °C for Nd,O; nanoparticles).

Discussion

Water freezing on surfaces of AA 2024-T3 coupons that are
smooth, roughened by sandblasting, or modified by various

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Freezing temperature comparison of a 150 uL water droplet on
various coatings comprising ZnO and Nd,Os nanoparticles on: (A)
smooth and (B) roughened AA 2024-T3 substrates.

coatings with or without metal oxide nanoparticles was
investigated by a cyclic voltammetric sensing technique, in
relation to the icephobic properties of the surfaces. This
versatile electrochemical analysis technique can be used to
investigate the redox behavior of chemical species over a
range of electrical potential. Voltammetry measures the redox
current at different applied potentials by ramping the
working electrode potential linearly over time, most notably
the loss of electrons (i.e., oxidation) or gain of electrons (i.e.,
reduction). In the measured water droplets, the oxidation
current was produced by CI” ions following this chemical half
equation: 2CI" — Clyg) + 2e. Supporting electrolyte ions
could move freely through water above its freezing point
under the control of diffusion down a concentration gradient.
The liquid-to-solid phase change was expected to switch the
dominant mass transfer mechanism within the water droplet
from diffusion to a surface-confined pathway. The Cl” ions
were concentrated at the electrode surface as water froze
necessitating a surface-confined process. Presumably, the
layer of water near the cold plate surface froze first, thereby
pushing the CI” ions upwards out of the ice crystals. As a
result, the upper layer of the water droplet saw a gradual
increase in Cl* concentration as icing spreads. The
concentration of Cl” ions increased at the SPE surface as ice
formation continued, ending with the highest current (or rate
of electron transfer) being recorded at the freezing point of
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water. In addition, the mobility of CI" ions changed at the
freezing point. Cyclic voltammetric scans did show a very
distinct rise in the current density at +1.0 V, versus Ag/AgCl,
upon water freezing on all coupons. Surface roughness was
not found to significantly influence the water freezing
temperature on the coated surfaces, whereas the addition of
metal oxide nanoparticles, i.e., ZnO and Nd,O; nanoparticles,
in the coatings reduced the observed surface temperature at
water freezing, and therefore, increased the icephobicity of
modified surfaces.

Influence of roughness on water freezing temperature

The application of coatings to the AA 2024-T3 coupons
consistently reduced their surface roughness. As such, the
resulting difference in water freezing temperature was
insignificant between the smooth and rough coupons
(Fig. 5), not exceeding the measurement uncertainty (+0.2
°C). These results suggest that roughening the coupon
surfaces (original roughness = 0.4-0.6 pm) by sandblasting
(final roughness = 1.8-2.4 um) did not substantially
contribute to a decrease in surface temperature at ice
formation. It had previously been shown that the surface
roughening at the microscale level can result in a
superhydrophobic surface (water contact angle > 150°),
which was found to achieve notably lower water freezing
times.®®®® However, the water contact angles obtained from
the prepared samples demonstrated that the roughness of
test surfaces was not comparable to superhydrophobic
materials (i.e., surface patterning smaller than critical ice
nuclei size). Although substrate roughness may affect the
coating surface, it will lead to unevenness rather than micron
scale roughness and only contribute marginally to ice
formation on the surface.

The influence of surface roughening on the measured
water freezing temperature, as shown in Fig. 5, is minimal.
However, roughening of the test surfaces did increase the
measured receding water contact angle (Table 2) as
anticipated by the known relationship between these
properties,®" suggesting that surface roughness has the

Coating

Uncoated  Nusil R-2180 Nusil R-1009 Liquid Glass MG Silicone Slygard 184

Shield
K g

Freezing Temperature (°C)
&
HEH

®Smooth  @Rough

Fig. 5 Freezing temperature comparison for a 150 uL water droplet
on smooth and rough AA 2024-T3.
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Fig. 6 Comparison of estimated adhesion energies of a 150 uL water
droplet on various coatings with added ZnO and Nd,O3z nanoparticles
on smooth AA 2024-T3 coupons.

potential to endow the substrate with better anti-icing
properties. Hydrophobic and anti-icing characteristics can be
imparted to free surfaces by surface texturing, roughening,
patterning, or application of micro- or nano-particles.”’
However, the actual function of roughened surfaces is
affected by the scale and the environment. The micro-scaled
roughness lowers the ice adhesion strength, while the nano-
scale texture resists droplet impingement and promotes
rebound.”" Hence, the ice adhesion strength generally
decreases as the water contact increases. However, when the
atmospheric humidity level is high, water on the roughened/
textured surface can change from a Cassie-Baxter state with
trapped air below the water droplet to a Wenzel state,
reducing in fact the contact angles (<90°). As a result, surface
roughening strategies for anti-icing purposes must be
designed according to the application environment and
durability of the textured surface. In this regard, application
of particulates to the surface has the advantage of
unrestricted particle size, has the ability of periodical re-
application and does not affect the mechanical integrity of
the underlying substrate.

Influence of ZnO and Nd,O; nanoparticles on delayed ice
formation

The presence of ZnO and Nd,O; nanoparticles on bare AA
2024-T3 coupons and in coatings was found to reduce the
water freezing temperature on all smooth/roughened samples
(Fig. 4). Surfaces modified with ZnO nanoparticles
consistently demonstrated the greatest decrease in water
freezing temperature, followed by those with Nd,0;
nanoparticles. ZnO nanoparticles, nanorods, and nanohairs
had previously been incorporated into several coatings where
they were found to increase the anti-icing properties. This
functionality was particularly observed on surfaces where
ZnO nanoparticles were secured to silicone substrates
through ZnO-Si,O bonds.”” As the majority of coatings used
in this study are silicone-based, similar anti-icing behaviour
was observed on these modified coupons. Interestingly,
comparably lower temperatures of water freezing were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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similarly observed on the silicone-free coating (Liquid Glass
Shield) suggesting that these different surface interactions
between ZnO nanoparticles and silicone-free coatings were
not the major factor responsible for lowering the freezing
temperature. In turn, Nd,O; nanoparticles are a known rare-
earth oxide with a strong intrinsic hydrophobicity.”® It was
proposed that this surface property may lower the
temperature of water freezing due to the relationship
between hydrophobicity and icephobicity. Given the observed
decrease in water freezing temperature on Nd,O;
nanoparticle-coated surfaces, it was concluded that Nd,O;
nanoparticles also enhance the icephobicity of the selected
coatings though not necessarily to the same degree as ZnO
nanoparticles.

Influence of ZnO and Nd,0; nanoparticles on surface energy

Surface energy heavily influences the temperature at which
ice forms on a solid surface. Surfaces with lower surface
energies typically favor supercooling of water and a decreased
surface temperature at water freezing. As the change in
surface roughness within each set of coating was negligible,
changes in surface energy among coated samples with added
metal oxide nanoparticles could have contributed to a
decrease in the water freezing temperatures.

The free energy of solids can be determined using
Young's equation which establishes a relationship between
contact angle measurements, liquid surface tension, and
interfacial tension between the liquid and solid as shown
in eqn (1):

OsGg = Osp, T O'LG‘COSQ (1)

where ogg is the surface free energy of the solid, og, is
interfacial tension between the solid and liquid, oyg is the
surface tension of the liquid, and 6 is the contact angle.

In cases of partial wetting by water droplets, this relation
can be simplified to the Young-Dupré equation (eqn (2)):

© 2025 The Author(s). Published by the Royal Society of Chemistry

Wsr = y(1 + cos ) (2)

where Wy, is the adhesion energy, y;, is the surface tension,
and 6 is the measured water contact angle.

A comparison of adhesion energies for each coating, with
and without added nanoparticles, estimated using the water/
air surface tension at 0 °C and the measured contact angles
are demonstrated in Fig. 6. The addition of these metal oxide
nanoparticles to the coatings was found to lower the
estimated adhesion energy. This decrease was most
pronounced in coatings containing ZnO nanoparticles (4.83-
2.86 mJ] m> difference). However, Nd,O; nanoparticle
coupons also showed a slight decrease in adhesion energy
(2.09-0.25 mJ m™> difference) among different coatings.
Given the correlation between lower surface energies and
reduced ice adhesion, these results support the observed
decrease in water freezing temperatures for coatings with
metal oxide nanoparticles. Further knowledge of the surface
distribution pattern and intrinsic surface properties of ZnO
and Nd,O; is required for more precise surface energy
calculations. As such, scanning electron microscopy (SEM)
images were collected to verify these findings.

Influence of ZnO and Nd,O; nanoparticles on surface
morphology

SEM images were collected using a Tescan Vega-II XMU SEM
to illustrate the morphology of the test surfaces and the
distribution of metal oxide nanoparticles within the coatings.
The addition of both ZnO and Nd,O; nanoparticles was
shown to decrease the number of surface asperities and
contribute to the smoothing of the coating (Fig. 7). The
uneven distribution of asperities on the coating surface does
not reflect the precise micro- or nano-scale patterning used
to suspend water droplets above the surface in the Cassie-
Baxter model and increase icephobicity. As such, the surface
leveling modification induced by the ZnO and Nd,O;
nanoparticles is expected to reduce ice nucleation, which is
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Fig. 8 Surface mapping of the following elements on coating surfaces with added (a) ZnO and (b) Nd,Os nanoparticles: (i) carbon, (ii) oxygen, (iii)
silicon, (iv) zinc, and (v) neodymium.

an anti-icing property indicative of lower surface energy. As  and MG Silicone) have chemical compositions consisting of
such, the SEM images support the adhesion energy trends  carbon, oxygen and silicon. Therefore, it was unsurprising to
observed in the above estimations. observe an even distribution of these compounds across the

Oxford Inca Energy X-Act electron dispersive spectrometry  full test surface. The SEM imaging of the coatings also
software was also used to conduct elemental mapping of the  showed instances of aggregation for both ZnO and Nd,O;
SEM images. As shown in Fig. 8, elemental analysis was used = nanoparticles on the surface, as verified by elemental
to verify nanoparticle distribution within the coating. The  mapping of greater concentrations of zinc and neodymium
silicone coatings (Nusil® R-1009, Nusil® R-2180, Sylgard 184  in select areas. These findings indicate that the nanoparticles
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did not maintain perfectly uniform distribution across the
surface due to aggregation.”* However, the signals for both
zinc and neodymium were still detected throughout the
coatings illustrating full nanoparticle coverage across the
surface despite this clustering. The signal for oxygen in
Fig. 8(a)ii and (b)ii reminds us of the fact that metal oxide
nanoparticles have very different chemical compositions,
physical properties (solubility), and toxicity (production of
reactive oxygen species) than metal nanoparticles (with no
oxide) or carbon-based nanoparticles (with no metal or
oxide).”

There are many methods that can play a passive role in
rendering the anti-icing features to the surface or to the water/
fluid itself in terms of reducing ice formation temperature and/
or delaying the nucleation of ice.”® One of these methods is the
addition of nano- or micro-particulates to the surface or to the
fluid. However, the nature of these particulates (barrier to ice
formation, diameter, aspect ratio, size distribution and
concentration) must be carefully examined and controlled
under an applicable environment to avoid the potential
increase in ice formation temperature.’”” To this effect, a study
with a coating of nano sized VO,/PDMS (estimated to be 100
nm in diameter) has resulted in water contact angle increase,
ice adhesion reduction and delay in icing.”® It has also
theorized that a surface with a high water contact angle will
allow the accumulated ice on the surface to be removed with
much less force, such as wind or aerodynamic force during
operation of aircrafts or wind turbines. The excellent
anti-icing performance of a superhydrophobic coating
surface of ZnO on aluminum alloy,”® ZnO on stainless
steel substrates,”” ZnO on fluorinated organic coatings,”®
ZnO/polydimethylsiloxane composite,” ZnO/CuS
composite,’ and  ZnO/MoS,  nano-coatings®’  had
previously been presented. On the contrary, no anti-icing
performance of Nd,O; had been reported in the
scientific literature. Hence, its weak performance was
expected when Nd,O; nanoparticles were used as a
negative control for testing cyclic voltammetry in the
present work. The crystalline phase of Nd,O;
nanoparticles was determined by XRD as a hexagonal simple
basic structure (lattice parameters: a ~ 3.85 A, ¢ =~ 6.10 A),
which is similar to the hexagonal wurtzite structure (a =~ 3.25
A, ¢ = 5.20 A) reported for ZnO nanoparticles.***® However,
ZnO and Nd,O; differ significantly in their physicochemical
properties that can influence their anti-icing performance. For
instance, ZnO has high thermal conductivity (50-60 W m™ K ')
and the thermal conductivity of Nd,Oj; is lower. Last, ZnO is an
intrinsic n-type semiconductor with good electron mobility,
whereas Nd,O; is an insulator. Further investigation will be
required to clarify the weak anti-icing performance of Nd,O;
nanoparticles.

Conclusion

This study applied cyclic voltammetry as an electrochemical
analysis technique to detect ice formation on AA 2024-T3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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coupons with a variety of commercially available icephobic
coatings. A reduction in surface temperature at ice formation
was observed across all the coated samples. The coupon test
surfaces were further roughened by sand blasting with
alumina or modified by adding ZnO and Nd,O; nanoparticles
to the coatings. Coupons with roughened surfaces showed
only marginal increases in hydrophobicity as determined by
their measured water contact angles. This finding was
attributed to the self-leveling properties of the liquid coatings
which smoothened out the surface particularly in cases where
the coating thickness was greater than the surface roughness
profile. On the contrary, surfaces with ZnO and Nd,O;
nanoparticles added to the coatings were found to exhibit an
increased reduction of temperature at water freezing due to
lowered surface energy. These shifts in surface temperature
at water freezing demonstrate better anti-icing properties as a
result of the surface modification. More importantly, a
methodology based on cyclic voltammetry was established as
an electrochemical analysis tool that can have wider
application in service to detect ice formation on airframe
surfaces.
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