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Abstract: The icing characteristics of supercooled large droplet (SLD) impacting carbon fiber-reinforced composites
(CFRCs) remain poorly understood, hindering the enhancement of ice protection capabilities and the certification of
ice-accreted composite aircraft. The paper systematically investigates the effects of the supercooling degree, the
surface temperature, and the impact velocity on the ice accretion behavior of SLDs impacting carbon fiber-reinforced
epoxy composite surfaces. To address the ice-prone nature of CFRCs, nanoparticle-modified anti-icing coatings are
developed, and the icing characteristics of SLD-impacted modified carbon fiber-reinforced epoxy composite surfaces
are analyzed. Results demonstrate that surface-modified carbon fiber-reinforced epoxy composite exhibits significantly
delayed ice formation. Under conditions of droplet temperature ( — 15 °C) and surface temperature ( — 18 °C), the
icing time of hydrophobic-modified CFRCs was delayed by over 1 100 ms, representing a 5.4-fold improvement
compared to the unmodified carbon fiber-reinforced epoxy composite.
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0 Introduction

Carbon fiberreinforced polymer matrix com-
posites have been extensively utilized in structural
components of rockets, missiles, aircraft, and satel-
lites due to two distinctive advantages'' . Their de-
sign flexibility achieved through fiber orientation,
layering, and stacking optimization has improved
structural efficiency, while reducing weight and en-
ergy consumption, and enhancing fuel efficiency.
The material system also offers high specific
strength/modulus, fatigue-vibration resistance, and
environmental stability. Since their adoption in mili-
tary aircraft wings and empennages, these compos-
ite materials have progressively replaced metal mate-
rials in modern airframes, including Boeing 787/
777, Airbus A350/A380, and Russia’s MC-21"7.
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Notably, China’ s CR929 prototype demonstrates
the leading composite integration, with carbon fi-
ber/epoxy constituting 51% of its airframe weight
via wing/fuselage applications'®’. The expanding ap-
plication of carbon fiber/epoxy composites in aero-
space vehicles represents an irreversible technologi-
cal trend, consequently driving sustained research
attention toward related material advancements.
When carbon fiber-reinforced epoxy resin is uti-
lized as wing material, ice accretion becomes an in-
evitable challenge, increasing surface roughness, al-
tering the aircraft’ s aerodynamic configuration, and
thereby modifying the surrounding flow field. These
changes lead to elevated drag, reduced lift, altered
stall characteristics, diminished stability/controlla-
bility, and even catastrophic accidents' ™', A notable

example is the Roselawn crash in 1994 involving an
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ATR-72-202 aircraft operated by American Eagle
Airlines, where ice-induced loss of control caused
the fatal accident'”’. The accident investigation re-
vealed that the aircraft encountered abnormal icing
caused by supercooled large droplets (SLDs) ,
which form when ice crystals in cold air melt upon
encountering warmer air. The merging of these
droplets differing in size and cloud descent velocity
produces larger droplets exceeding 50 pm in diame-
ter. SLD-induced ice accretion is characterized by
rapid formation, extensive coverage, and severe op-
erational consequences "', Multiple SLD-related
crashes have compelled revisions to aviation certifi-
cation standards. In response, the Federal Aviation
Administration (FAA)
Safety Agency (EASA) have amended aircraft ic-

and European Aviation

ing airworthiness regulations, significantly enhanc-
ing requirements for ice protection systems to ad-
dress SLD conditions' '’

Recent years have witnessed growing research
interest in SLD""", Studies reveal that SLD ice ac-
cretion correlates with surface properties of impact-

9]

ed substrates. Wang et al.'"” investigated SLD im-
pingement dynamics relative to surface roughness,
demonstrating increases in splashed droplet diame-
ter, velocity, ejection angle, splash height, and mass
loss rate with elevated roughness. Kong et al.”® ex-
plored the impact and freezing of SLD with varying
supercooling degrees on inclined surfaces of differ-
ing wettability. Despite theoretical advancements,
no surface property-based anti-icing strategy has
been established for SLLD conditions, representing a
critical research gap. Current aircraft ice protection
predominantly relies on active anti-/de-icing technol-
ogies such as electrothermal and hot-air sys-

tems[zrzﬂx]

, which exhibit limitations including high
energy consumption, restricted applicability, depen-
dency on auxiliary infrastructure, and necessity for
high thermal conductivity materials. For carbon fi-
ber/epoxy composite wings, two intrinsic challenges
arise. First, epoxy resins are inherently hydrophilic
with water contact angles below 90°*', promoting
surface wetting and ice accumulation. Second,
their low thermal conductivity (0.5—3.2 W/(m:

K) ) contrasts sharply with metallic alloys (e.g.,

about 150 W/(m+K) for aluminum)'**", drastically
reducing thermal efficiency in active anti-icing sys-
tems. In contrast, icephobic surface engineering of-
fers advantages including minimal energy demand,
avoidance of additional weight, environmental sus-
tainability **’, and compatibility with existing pro-
tection systems to improve overall efficiency while
reducing energy consumption.

Developing anti-icing surfaces for carbon fiber-
reinforced epoxy composites (CFRCs) requires se-
lecting appropriate surface engineering methods
based on their icing characteristics and application
requirements. Current strategies primarily focus on
slippery liquid-infused porous surfaces (SLIPSs)
and hydrophobic coatings. For instance, a lubricant-
infused surface with metal-ion-modified substrates is
fabricated in Ref. [30] , achieving ice adhesion
strength below 10 Pa at —48.4 °C and ice formation
delay time of 43 200 s at —10 °C. However, the an-
ti-icing performance of SLIPSs degrades progres-
sively due to lubricant depletion. In contrast, hydro-
phobic surfaces demonstrate superior durability and
environmental resistance. Zhang et al."*" developed
a superhydrophobic epoxy coating by grafting multi-
walled carbon nanotubes and silica nanoparticles,
maintaining a water contact angle of 150° after 300
abrasion cycles (initial: 159°) and extending droplet
freezing time by 165%. However, the synthesis pro-
cess involved multi-step chemical synthesis, which
was complex and not conducive to practical industri-
al production. Thus, creating easily manufacturable
and durable passive anti-icing surfaces holds signifi-
cance for enhancing composite wing performance
and energy efficiency. While numerous anti-/de-ic-
ing coatings have been investigated, few studies in-
tegrate the supercooled droplet icing theory into
coating design, highlighting a critical need for theo-
ry-driven surface engineering innovations.

Given existing aircraft icing protection systems
and the temperature-dependent thermal conductivity
of carbon fiber-reinforced composites, this paper in-
vestigates the ice accretion from SLD impingement
on carbon fiber/epoxy surfaces, integrating structur-
al and material characteristics of composites with

practical demands for ice protection capabilities and
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airworthiness certification requirements. Building on
this foundation, the paper further explores the ef-
fects of hydrophobic surface modification on ice ac-
cretion behavior, aiming to achieve efficient anti-ic-
ing surface engineering for carbon fiber/epoxy com-
posites. Under SLLD impingement conditions, the
findings provide critical technical foundations and en-
gineering insights for developing ice-resistant surfac-

es in advanced composite-based aircraft wings.
1 Experiment

1.1 Materials

The carbon fiber/epoxy composite material
(ZT7TH/QY9611) was sourced from AVIC Com-
posite Corporation L.td. The ambient-cured polytet-
rafluoroethylene (PTFE)
from SiFluor New Materials (Suzhou) Co., Ltd.

The gas-phase nano-silica (15 nm) was acquired

coating was obtained

from Shanghai Aladdin Biochemical Technology
Co., Ltd. The hydrophobic silica (15 nm) was pro-
cured from Shanghai Macklin Biochemical Technol-
ogy Co., Ltd. And the polytetrafluoroethylene pow-
der (160 nm, 95%) was supplied by Dongguan
Xingwang Plastic Raw Materials Co., Ltd.

1.2 Modification method for carbon fiber/ep-

oxy resin composites

Firstly, 20 g of ambient-cured PTFE coating
dispersion was mixed with 2 g of nano-fillers
(polytetrafluoroethylene powder, hydrophobic sili-
ca, or gas-phase silica) under continuous stirring for
30 min. Subsequently, the mixture was subjected to
ultrasonic treatment for 30 min. Then the resulting
homogeneous dispersion liquid was sprayed onto de-
fect-free surfaces via atomized spraying with multi-
ple passes. Finally, the coated samples were cured

under ambient temperature and pressure for 24 h.
1.3 SLD impact icing process

To investigate the influence of coating wettabil-
ity on the supercooled large water droplet impact ic-
ing process, an experimental setup independently
developed by our research group was employed un-
der ambient pressure to simulate supercooled large

water droplet impact icing, as illustrated in Fig.1.
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Fig.1 Schematic diagram of the SLD impact icing experi-

mental setup

The specific experimental methodology aligns
with prior publications from our group ™™ . All
pipelines were encased in 10 mm thick insulation
cotton. The upper and lower chambers are both
composed of 15 mm thick acrylic resin, divided into
inner and outer layers. The coolant circulation be-
tween each layer is achieved via a recirculating chiller
(AP15R-30-A12Y, Polyscience, USA) to cool the
entire test environment. Ultrapure water (0.97 pl.)
was propelled by a microfluidic syringe pump
(LSP02-1B, Longer Precision Pump Co., Ltd.)
through a nozzle to generate supercooled large water
droplets that ultimately impact the surface of the
sample placed horizontally directly beneath the noz-
zle. Real-time temperature monitoring of ultrapure
water and samples was implemented using tempera-
ture sensors (XMT-JK808, Yutai Instrument Co.,
Ltd.), with thermal resistors (PT100, Heraeus) at-
tached 5 mm below the droplet generator orifice and
on sample sidewalls to measure droplet and surface
temperatures. Temperature control was maintained
through chiller-regulated coolant circulation. The su-
percooled droplet impact icing process was recorded
by a high-speed camera (Phantom VEO710L, Vi-
sion Research, USA). Temperature deviations for
both supercooled droplets and wall surfaces were
controlled within 0.2 “C . In this experiment, the
droplet diameter was fixed at (2.1+0.1) mm, and
the impact velocity remained (2.0420.03) m/s un-
less otherwise specified.

1.4 Wettability characterization

To characterize the wettability of the coating,
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the water contact angle was measured using a con-
tact angle measuring instrument (JCY-4, Shanghai
Fangrui Instrument Co., Ltd.) under ambient tem-
perature and pressure. At room temperature, 5 pl
of distilled water was vertically deposited onto five
distinct locations of the sample, and the average val-

ue of the water contact angle was obtained.
1.5 Image measurement method

Regarding parameters such as droplet dimen-
sions (particle size, spreading diameter, freezing di-
ameter, etc.) , the pixel analogy method is em-
ployed: An object of known dimensions is placed at
the same position, and the droplet size D is obtained
by

S

S

where S denotes the number of pixels corresponding
to the water droplet size, D' the actual length of the
object, and S’ the pixel count corresponding to the
object’s length.

1.6 Surface topography and roughness charac-

terization

To characterize the surface morphology of the
coating, a high-resolution field emission scanning

electron microscope (Sirion 200) was employed for

Wall temperature / °C

observation.
To characterize the surface roughness of the
coating, the Keyence VK-X3000 confocal laser

scanning microscope was utilized for observation.
2 Results and Discussion

2.1 Influence of composite material surface
temperature on mechanisms of SLD impact

ice accretion

Generally, when materials are exposed to diffi-
erent ambient temperatures, their surface tempera-
ture inevitably changes. Similarly, external sub-
stances contacting surfaces at different temperatures
exhibit distinct morphologies. Aircraft in flight fre-
quently encounter icing meteorological conditions
with the varying temperatures, thus making the
study of wall temperature effects on SLLD impact ice
accretion critical for guiding anti-icing designs. This
paper investigates the influence of wall temperatures
(—10, —12, and — 14 °C) on SLD impact ice ac-
cretion. Fig.2 illustrates the icing process of —15 °C
supercooled water impacting walls at these three
temperatures. Key parameters such as ice diameter
and freezing time are listed in Table 1. As shown in

Fig.2, SLD droplets reach the maximum spreading

3.7 mm

-~

t,=795 ms

t/ ms

Fig.2 Freezing situation of supercooled water with temperature of —15 “C hitting different wall temperatures

Table 1 Droplet diameter and complete freezing time for different wall temperatures and impact velocities

Temperature/ ‘C Velocity/(mes™")

Maximum spreading ~ Recoiling diameter/

Complete freezing Complete freezing

diameter/mm mm diameter/mm time/ms
—10 2.04 5.9 5.4 3.7 795
—12 2.04 5.8 5.6 4.5 665
—14 2.04 5.9 5.8 5.4 518
—10 2.54 6.2 6.0 4.9 604
—10 3.43 6.4 6.3 5.7 420
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stages at 1.6 ms post-impact, with nearly identical
maximum diameters (about 5.9 mm). During subse-
quent retraction stages at 3.2 ms, retraction diame-
ters increase with the decreasing wall temperature
due to faster nucleation at lower temperatures, thus
accelerating the ice formation. This phenomenon is
more pronounced in the # phase of Fig.2: Ice forms
postretraction at — 10 ‘C but during retraction at
— 12 °C and — 14 °C. Although the latter two share
similar icing modes, their retraction extents differ
significantly. Results demonstrate that lower tem-
peratures promote faster nucleation and smaller re-
traction extents. Typically, the droplet transparency
progressively decreases until stabilization, indicat-
ing complete freezing.

Wall temperature significantly influences ice
formation modes, thereby affecting final {reezing di-
ameters and freezing durations. As demonstrated in
Fig.2 and Table 1, decreasing wall temperatures
from — 10 °C to — 14 °C can increase freezing diame-
ters from 3.7 mm to 5.4 mm and reduce complete
freezing time from 795 ms to 518 ms. This phenom-
enon arises because lower wall temperatures en-
hance droplet nucleation rates and accelerate nucle-

ation kinetics, promoting larger ice accretion dimen-

2.54

Impact velocity / (m * s™)

343

t,=0 ms t,=1.6 ms

t,=3.2 ms

sions and shorter phase-change completion periods.

2.2 Effect of impact velocity on icing dynamics
of SLD

To investigate the influence of SLLD impact on
the icing characteristics of epoxy carbon-fiber com-
posites, this paper examines the effect of impact ve-
locity on the SLD icing behavior on composite sur-
faces. Different impact velocities were adjusted by
controlling the height between the droplet generator
and the test specimen. To ensure the accuracy of the
results, the supercooling degree and wall temperature
were maintained constant at — 15 C and — 10 C,
respectively. The study focuses on icing processes
at impact velocities of 2.04, 2.54, and 3.43 m/s, re-
vealing the correlation between impact velocity and
ice formation patterns on composite surfaces. As
shown in Fig.3, significant differences exist in the
time required to reach the maximum spreading diam-
eter after droplet-wall impact under the three veloci-
ties. Specifically, the time to achieve maximum
spreading diameters at 2.04, 2.54, and 3.43 m/s is
1.6, 1.4, and 1.0 ms, respectively. The observed
trend demonstrates that higher impact velocities cor-
relate with shorter time to reach maximum spread-

ing diameters.

=420 ms

t/ms

Fig.3 Icing process of SLD with different impact velocities

To better investigate the impact velocity’ s in-
fluence on SLD icing, this study analyzes the icing
process at the same # moment (3.2 ms). As shown
in Fig.3, increasing impact velocity induces more ice
nuclei at #, which progressively restricts droplet re-

traction, slows the retraction rate, and ultimately

enlarges the droplet diameter during the retraction
phase. Fig.3 and Table 1 demonstrate that the com~-
plete freezing diameter increases from 3.7 mm to
5.7 mm, while the complete freezing time decreases
from 795 ms to 420 ms as impact velocity rises. The

3.43 m/s case exhibits only a 0.7 mm difference be-
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tween complete freezing diameter and maximum
spreading diameter, with negligible retraction due
to earlier attainment of spreading diameter at higher
velocities, which accelerates ice nucleation and sup-
presses retraction. The observed freezing time re-
duction correlates directly with the earlier ice nucle-
ation initiation. In summary, higher impact veloci-
ties promote ice nucleation dominance over retrac-
tion dynamics, thereby accelerating phase transition
and shortening freezing duration.

According to the classical nucleation theory,
the nucleation rate is principally governed by the

34-35

free energy barrier and temperature ™ *', shown as

—AG

J=Ke"T (2)

where K represents the kinetic pre-exponential fac-

tor, AG the nucleation free energy, 4, the
Boltzmann constant, and T the system temperature.
The influence of AG on nucleation rate substantially
outweighs that of the pre-exponential factor K"
At constant temperature, the nucleation rate of su-
percooled water is primarily determined by the free

1.1%%7 observed that nucle-

energy barrier AG. Wu et a
ation rates increased by several orders of magnitude
with rising impact velocities under fixed experimen-
tal temperatures (— 14 “C), consistent with our find-
ings, demonstrating that impact-induced perturba-
tions significantly promote nucleation. This occurs
because microscopic fluctuations in supercooled wa-
ter under non-equilibrium conditions are amplified
by external disturbances. When fluctuation energies
exceed the nucleation barrier of supercooled water,
the ice nuclei forms. The droplet-wall collision gen-
erates intense energy dissipation during impact, en-
hancing energy fluctuation effects, which effectively
modify the energy barrier required for spontaneous
nucleation in supercooled water. Specifically, higher
impact velocities induce stronger disturbances, am-
plify fluctuation effects, reduce the required AG,

and accelerate nucleation™* ",

2.3 Frozen spreading rate law of SLD

As illustrated in Figs.2, 3, the freezing diame-
ter of SLLDs impacting epoxy carbon fiber composite
surfaces is related to both wall temperature and im-

pact velocity. In other words, the freezing area is in-

trinsically linked to wall temperature and impact ve-
locity. The above findings indicate that a smaller
freezing area corresponds to the longer freezing
time, consequently, investigating the variation pat-
terns of freezing area holds significant importance.
To further analyze the variation in freezing area,
this study employs the average freezing spreading
rates (fB..) to characterize the freezing features of

droplet impacts, shown as

16) o Dhnal
real =
Dmax

where D,,., represents the maximum spreading diam-

(3)

eter, and Dy, the final frozen diameter. Experi-
ments were conducted under five distinct supercool-
ing degrees at the same wall temperature ( — 14 °C)
and impact velocity, with corresponding data ob-
tained using the aforementioned formula. S, for
different supercooling degrees are shown in Fig.4.
When the supercooling degree was below 10 °C, the
freezing spreading rate of the epoxy carbon fiber
composite exhibited relatively minor variations,
with f.. values of 0.6 and 0.64 at supercooling de-
grees of 8 ‘C and 10 °C, respectively. As the super-
cooling degree increased from 10 °C to 12 C, fua
rose significantly from 0.64 to 0.76, demonstrating
a pronounced upward trend. This increasing trend
persisted without attenuation as supercooling further
increased, ultimately reaching 0.92. The data in
Fig.4 indicate that B, for the carbon fiber epoxy
composite gradually approaches its theoretical maxi-
mum value of 1. This behavior differs from the
spreading rate patterns observed by Sun et al."*' on
hydrophilic aluminum surfaces (contact angle:
51.7°), instead resembling those of bare aluminum
surfaces (contact angle: 91.5°). Generally, larger
contact angles correlate with more pronounced in-
creases in freezing spreading rates. However, subse-
quent studies revealed that the carbon fiber epoxy
composite, despite having a contact angle below 90°
(indicating partial hydrophilicity) , exhibited spread-
ing behavior akin to bare aluminum surfaces. This
discrepancy may arise from the composite’ s low
thermal conductivity, which reduces its temperature
sensitivity compared to metals. Consequently, un-

der identical controlled temperature conditions, the
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composite’ s surface temperature might slightly ex-
ceed that of metallic surfaces. These experimental
results demonstrate that lower supercooling degrees
minimally influence freezing spreading rates, while
higher supercooling degrees induce significant in-

creases in spreading rates with rising supercooling.

0.8

Bra

0.7

06F =
8 10 12 14 16
Supercooling rate / °C

Fig.4 Frozen spreading rate of supercooled water droplets
on CFRCs

2.4 Effect of surface modification on wettabili-
ty of CFRCs

Previous systematic investigations on SLLD im-
pact icing processes of CFRCs revealed that, al-
though their freezing spreading rates did not follow
patterns similar to hydrophilic aluminum surfaces,
their freezing time remained relatively rapid. From
an anti-/de-icing perspective, the observed freezing
time offer no substantial advantages for ice preven-
tion or removal. Furthermore, the inherently high
strength and rigidity of CFRCs result in significant
mechanical interlocking effects between the ice and
the material surface during icing, which hinders ice
detachment. Consequently, to enhance the competi-
tive edge of CFRCs as alternatives to metallic al-
loys, surface modification becomes imperative for
optimizing their icephobic performance and interfa-
cial adhesion characteristics.

This study selected PTFE coatings with low
surface energy, low viscosity, and transparency as
the matrix, since low surface energy enhances hy-
drophobicity, low viscosity facilitates straightfor-
ward spray application, and transparency broadens
applicability. To optimize icephobic performance,
three distinct fluorine/silicon-based nanoparticles

were incorporated for hydrophobic modification:

PTFE particles for surface energy reduction, hydro-
phobically modified silica containing abundant hy-
drophobic functional groups, and fumed silica for
constructing surface micro-nano structures. The
preparation process involved first blending PTFE
coatings with PTFE powder, hydrophobic silica, or
fumed silica separately, then spray-coating these
three mixtures onto carbon fiber epoxy resin com-
posites, followed by curing to produce modified
specimens designated as Coating 1, Coating 2, and
Coating 3, as shown in Fig.5, where the magnifica-
tion of the first row, the second row, and the third
row are 100, 2 000, 20 000, respectively. For com-
parative analysis of surface modification effect and
nanoparticle contributions, contact angles were mea-
sured for both unmodified carbon fiber epoxy com-
posites and PTFE-modified counterparts (Fig.6) ,
and complemented by surface morphology character-

ization and roughness quantification.

+
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Fig.5 SEM images of different coatings
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Fig.6 Contact angle of CFRCs before and after modification
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The water contact angles for the PTFE coat-
ing, Coating 1, Coating 2, and Coating 3 were
measured as 90°, 96°, 106", and 130°, respectively.
The incorporation of three distinct nanoparticles
yielded surfaces with varying wettability, demon-
strating that altering nanoparticle types alone en-
ables tunable hydrophobic properties. To elucidate
the differences in wettability among the three coat-
ings, this study employed scanning electron micros-
copy (SEM) and confocal laser scanning microsco-
py (CLSM) for surface characterization. SEM im-
ages (Figs.6(al, bl, c1)) revealed a distinct cross-
weave structure in the carbon fiber-reinforced epoxy
resin substrate, as highlighted by red lines. The
polymer coatings conformed to this interlaced archi-
tecture, with Coating 3 (incorporating fumed silica)
exhibiting the most pronounced surface topography
(Figs.6(cl, ¢2)) due to its hierarchical micro-nano
structures. In contrast, Coating 2 (modified with hy-
drophobic silica) displayed a smoother surface com-
pared to Coatings 1 and 3, attributed to the smaller
particle size and improved compatibility of hydro-
phobic silica with the coating matrix, which became
embedded without forming complex microstruc-
tures, resulting in its moderate hydrophobicity
(106%) relative to Coating 3 (130%). Although Coat-
ing 1 exhibited micron-scale textures, its PTFE par-
ticles (indicated by red circles in Fig.6 (a3) ) with
submicron dimensions (about 100 nm) failed to gen-
erate sufficient microcavities to sustain the Cassie-
Baxter state for water droplets, limiting its contact
angle to 96°. Conversely, Coating 3 featured syner-
gistic micron-scale protrusions and nanoscale asperi-
ties, enabling the formation of stable air pockets
that effectively supported both static droplets and su-
percooled water in a metastable state, thereby
achieving superior hydrophobicity.

Confocal microscopy further corroborated these
observations. As shown in Fig.7, Coating 2 exhibit-
ed the smoothest surface, with protrusions measur-
ing only 6.1 pm above the resin substrate in Fig.7
(b) , significantly lower than those of Coating 1
(9.5 pm) and the roughest Coating 3 (29.5 pm).
Fig.7(c) illustrates that most regions of Coating 3
protruded approximately 10 pm above the sub-

strate, with fumed silica aggregation sites reaching
29.5 pm. Areal roughness (Sa) measurements via
confocal microscopy revealed Sa values of 1.9 pm
and 1.8 pm for Coatings 1 and 2, respectively. De-
spite micron-scale textures in Coating 1, its large-
sized PTFE particles (as shown in Fig.7) failed to
achieve effective stacking for hierarchical roughness.
In contrast, Coating 3 displayed a markedly higher
Sa of 10.3 pm, attributable to its synergistic micron-
scale architectures and nanoscale asperities, which
collectively enhanced surface roughness and facilitat-
ed air pocket formation to support both static drop-
lets and impacting supercooled water. Generally,
higher contact angles correlate with extended ice for-
mation delays during SL.LD impacts, prompting sub-

sequent investigations into the influence of surface

modifications on SLD icing characteristics.
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-4.292
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-38.873

531.504 pm

Sa / pm

(c) Coating 3
Fig.7 Confocal laser microscope images and 3D images of

different coatings

2.5 Effect of surface modification on SLD im-

pact icing characteristics

To further clarify the effects of surface modifi-
cation on SLD impact icing characteristics, this
study conducted investigations under controlled con-
ditions with supercooled water at — 15 °C and a wall
temperature of — 18 ‘C. Fig.8 illustrates the ice for-
mation phenomena following SLD impacts on four

distinct surfaces. The moment of SLD-wall contact
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was defined as r/=0. Post-impact, water droplets
rapidly spread, reaching maximum spreading diame-
ters across all four surfaces at approximately 1.6 ms,
which indicates consistent maximum spreading time
regardless of surface modifications when supercool-
ing degree, impact velocity, and wall temperature

remain constant.

CFRC

t=0ms 7=1.6 ms t,=204 ms

t,=1 100 ms
t/ ms

Fig.8 Freezing process of SLDs hitting walls with different

wettabilities

As shown in Fig.8, the unmodified CFRC ex-
hibited initial ice nucleation during maximum spread-
ing, whereas none of the three hydrophobic modi-
fied surfaces displayed similar behavior. Significant
differences in droplet retraction dynamics and retrac-
tion extent were observed among the four surfaces.
These variations primarily correlate with interfacial
contact area and heat transfer mechanisms. Among
the three fundamental heat transfer modes, thermal
conduction, convection, and radiation-thermal con-
duction dominates at the droplet-wall interface in
this system. For the unmodified composite, ice for-
mation occurred during retraction, aligning with pre-
vious studies on wall temperature effects under su-
percooling degrees of 12 “C and 14 °C, where retrac-
tion-phase icing was consistently observed. Howev-
er, the retraction extent decreased progressively
with lower wall temperatures, demonstrating that
wall temperature modulates SLD icing behavior
through multiple pathways rather than inducing a
singular icing mode.

The enhancement of hydrophobic angles via
nanoparticles typically involves constructing rough
surfaces, which significantly influence heat transfer.
Generally, for rough surfaces, larger contact angles

correspond to smaller contact areas between the ob-

ject and the surface, resulting in slower heat trans-
fer. For Coatings 1 and 2, the ice formation oc-
curred during droplet retraction, yet their retraction
extents differed markedly, with Coating 2 exhibit-
ing greater retraction. This disparity arises from the
superior hydrophobicity of Coating 2, which mini-
mizes droplet-surface contact area, slows heat trans-
fer, and thereby prolongs ice formation time. Nota-
bly, Coating 3 demonstrated no ice formation even
after 1 100 ms, with the droplet nearly restoring its
original shape and size. Compared to the unmodified
epoxy composite, Coating 3 extended ice formation
time by over 5.4-fold. This exceptional performance
stems from the incorporation of fumed silica, which
creates a uniformly distributed micro-nano hierarchi-
cal structure, further increasing contact angle and
hydrophobicity. Consequently, Coating 3 achieves
significantly reduced contact area and contact time
with droplets compared to Coating 2, impeding heat
absorption or dissipation from the droplet. This ther-
mal isolation mechanism prevents ice nucleation and
allows sufficient time for complete droplet retraction
to its original dimensions. These findings highlight
outstanding anti-icing effect of Coating 3, demon-
strating strong potential for practical engineering ap-
plications.

In addition, according to the classical nucleation
theory, the free energy of nucleation AG is ex-
pressed as'™
167yix (24 cosf)(1 — cosf
3AGY 4

Herein, the water contact angle (WCA) is rep-

AG= (4)

resented by @, the liquid-nucleus interfacial energy
by y.x and the volumetric Gibbs free energy differ-
ence by AGy. A significantly positive correlation be-
tween WCA and AG has been established, where
larger WCA corresponds to higher AG, thereby in-
creasing the energy barrier for droplet nucleation.
This theoretical framework confirms that enhancing
coating hydrophobicity (i.e., increasing WCA) ef-
fectively prolongs droplet freezing time by elevating
the nucleation energy threshold, which is fully con-
sistent with the ice retardation phenomena observed

in this study.
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2.6 Effects of different wall temperatures on ic-

ing behavior of Coating 3

The study revealed that Coating 3 exhibited ex-
ceptional anti-icing performance, with no droplet
freezing observed within the experimental time-
frame. To further investigate its ice-resistant proper-
ties under extreme conditions, the anti-icing perfor-
mance of Coating 3 was evaluated at lower wall tem-
peratures. As shown in Fig.9, under a controlled su-
percooling degree of — 15 ‘C, wall temperatures
were adjusted to —20, —22, and —24 °C, respec-
tively, and ice formation was monitored during the
impact of SLLDs on the coating surface. The SLD
impact process distinctly comprised a spreading
phase (z,) and a retraction phase (#). Experimental
observations demonstrated that decreasing wall tem-
peratures progressively reduced the retraction mag-
nitude, shortened the ice formation time, and in-
creased the frozen area. This phenomenon arises
from accelerated ice growth kinetics at lower wall
temperatures, which suppresses the droplet retrac-
tion during freezing. While the ice nucleation consis-
tently occurred during retraction across all three
wall temperatures, the retraction magnitude and the
resultant ice formation time differed significantly.
As the wall temperature decreased from — 20 °C to
— 24 °C, the freezing time decreased from 866 ms to
288 ms. Notably, even at — 24 °C, the freezing time
(288 ms) remained longer than that of the unmodi-
fied epoxy composite at — 18 “C. These results con-
firm that the modified CFRC retains measurable ice
resistance under extreme conditions, further evi-
dencing the outstanding anti-icing efficacy of surface

modification.

-20 .
t,=866 ms
©-22
= t=0ms t=1.6ms t,=408 ms
24
t=0ms ¢=1.6ms ¢=288 ms
t/ ms

Fig.9 Freezing situation of SLDs with a temperature of

— 15 °C hitting different wall temperatures

3 Conclusions

This study investigated the ice formation pro-

cess of SLDs impacting CFRCs before and after sur-
face modification through SLLD impact experiments.
The key conclusions are as follows:

(1) Wall temperature and droplet impact veloc-
ity significantly influence ice formation characteris-
tics on the composite surface: Lower wall tempera-
tures and higher impact velocities accelerate droplet
nucleation, shorten the impact-induced [reezing
time, and reduce retraction magnitude.

(2) When droplet supercooling is below 10 °C,
the supercooling degree exhibits negligible effects
on the freezing spread rate. However, when super-
cooling exceeds 10 °C , the freezing spread rate
sharply increases and progressively approaches the
theoretical maximum of 1.

(3) A uniform micro-nano structured surface
was constructed on the epoxy composite via a hy-
brid coating of fumed silica and PTFE, significantly
enhancing its anti-icing performance. Under condi-
tions of — 15 “C supercooled water and — 18 °C wall
temperature, droplets remained unfrozen even after
1 100 ms, representing a 5.4-fold increase in freez-
ing time compared to unmodified samples.

(4) Surface modification of CFRCs for superi-
or anti-icing performance was achieved through a
simple mixing and spraying method. This approach
features operational simplicity, ease of implementa-
tion, and potential for industrial scalability, provid-
ing theoretical foundations and technical support for
developing anti-icing surfaces on carbon fiber-rein-

forced composite aircraft wings.
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