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ARTICLE INFO ABSTRACT

Keywords: The development of anti-icing robust surfaces is a hot topic nowadays and particularly crucial in the aeronautics
Aeronautic icing or wind energy sectors as ice accretion can compromise safety and power generation efficiency. However, the
Anti'_idng material current performance of most anti-icing strategies has been proven insufficient for such demanding applications,
‘S/Ylertf::f particularly in large unprotected zones, which located downstream from thermally protected areas, may undergo

secondary icing. Herein, a new testing methodology is proposed to evaluate accretion mechanisms and secondary
icing phenomena through, respectively, direct impact and running-wet processes and systematically applied to
anti-icing materials including commercial solutions and the latest trends in the state-of-the-art. Five categories of
materials (hard, elastomeric, polymeric matrix, SLIPS and superhydrophobic) with up to fifteen formulations
have been tested. This Round-Robin approach provides a deeper understanding of anti-icing mechanisms
revealing the strengths and weaknesses of each material. The conclusion is that there is no single passive solution
for anti-ice protection. Thus, to effectively protect a given real component, different tailored materials fitted for
each particular zone of the system are required. For this selection, shape analysis of such a component and the
impact characteristics of water droplets under real conditions are needed as schematically illustrated for aero-
nautic turbines.

Runback icing

1. Introduction different parts of the aircraft can severely affect aerodynamics, com-
munications and a variety of sensors. To mitigate such issues, the most

Atmospheric icing is a global issue that seriously affects many rele- sensitive devices are equipped with ice protection systems (IPSs) either
vant industrial sectors, where the variety of icing mechanisms is as to avoid ice accretion (anti-icing) or to release the ice once it has formed
diverse as the targeted applications. One of the most critical sectors (de-icing) [1]. Currently applied IPSs utilize external energy and are
undergoing atmospheric icing is aeronautics, where ice accreted on considered active systems. Most common active system technologies
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rely on mechanical [2], chemical [3] or thermal processes [4-6]. The
latter is surely the most mature IPS currently applied in the aircraft in-
dustry [7].

However, such thermal procedures still suffer drawbacks that call for
proper solutions. This is the case of the so-called runback icing, or sec-
ondary icing, a phenomenon that occurs downstream of thermally
protected areas both in aircrafts and wind turbines. It is caused by
melted ice originated in a non-fully evaporative de-icing operation, or
from an IPS operated in running-wet or anti-icing modes [1]. By these
secondary de-icing processes, the resulting liquid water flows and
freezes on unprotected zones situated downstream of the heated zone.

During certain flight phases, runback icing represents a highly risky
issue that may seriously disturb the aerodynamic conditions due to
frozen rivulets. Several recent studies have dealt with this risk [8-10],
for example, Whalen et al., studying the aerodynamic effects of this type
of icing on an airfoil, found an increase of 80 % in the drag coefficient as
compared with pristine surfaces or, in the worst case, a reduction of 50
% of the maximum lift coefficient [11].

Runback icing also takes place in other elements with geometries
different from that of wings or aerodynamic airfoils. A typical case is
that of the inside of engine air intakes [12,13] (see Fig. 1 Left). These
components present zones where supercooled water droplets impinge
during flight at a high angle of incidence, giving rise to two different
icing processes based on different mechanisms: 1) icing by supercooled
droplets impingement and 2) running-wet icing of water coming from
the heated areas. Fig. 1 Right) schematically represents these two kinds
of icing mechanisms.

Turbines have been proposed as a model system to study the appli-
cation of passive solutions to avoid or minimize this type of icing pro-
cesses through the modification of the surface characteristics. Different
surface terminations have been reported in the literature, including
materials with low wettability, hydrophobic or superhydrophobic [14],
low surface energy materials [15], slippery liquid infused porous sur-
faces (SLIPS) [16], elastomers [17] and hard low roughness materials.
Herein, we will test candidates representative of this ample selection of
materials to get a systematic analysis of their response under well-
defined icing conditions in a unique experimental set-up. This
approach will avoid possible discrepancies due to differences in the
experimental conditions, as it may happen when comparing literature
data from various laboratories and testing methodologies. A summary of
relevant properties regarding the potential anti-icing functionality of
coatings or bulk materials within these categories is included in the
materials and methods section.

In this study, a new dedicated testing methodology has been devel-
oped to separately simulate the different icing phenomena that take
place on the model air intake device (Fig. 1): direct impingement of
supercooled droplets and running-wet icing mechanisms. This

Surface & Coatings Technology 465 (2023) 129585

methodology has been used to test materials within the aforementioned
anti-icing categories, which also include commercial references repre-
senting the current state of the art of anti-icing strategies. Surface
characterization methods to determine wetting properties, roughness,
and ice adhesion have been also applied to screen the coating's behav-
iour, deduce their different anti-icing effects and ultimately select the
most effective surface terminations to prevent icing. The main expected
contribution of this kind of Round-Robin analysis is not limited to
finding suitable candidates for current applications but also learning
about the anti-icing phenomenology of these materials to determine
their suitability for real specific zones of the air inlet of a turbine. This
working methodology could pave the way to extrapolate their use to
other fields of applications, where different passive strategies could
work in different areas attending to their specific icing mechanism.

2. Materials and methods
2.1. Materials

Various types of bulk materials and coatings have been selected for
this comparative study. They encompass five different categories with
basic characteristics regarding their surface termination and interaction
capacity with water/ice that are briefly described below:

a) Materials with low wettability: superhydrophobic materials (SHP):
The selection of this type of material relies on the assumption that
a low liquid water/surface interaction also entails a reduced ice/
surface interaction [18,19]. Thus, surfaces with water contact angles
(WCA) between 90° and 150°, typical of hydrophobic materials (HP),
or higher than 150°, considered as super-hydrophobic (SHP), are
good candidates to exhibit anti-icing behaviour. Since the maximum
WCA achievable as a mere result of chemical composition is close to
110° (e.g. for flat and smooth Teflon surfaces) SHP surfaces must
have as an additional requirement a very high roughness, both at
micro- and/or nano-scales. Particularly interesting in this regard are
the Cassie-Baxter SHP surfaces depicting an anti-icing response
based on reducing the water/surface effective contact area due to air
pockets trapped in the micro-nanostructures of this type of hierar-
chical surfaces [20]. An example of this are the laser patterned
structures which have been tested for anti-icing purposes [21,22]. It
must however be stressed, that a high contact angle does not always
imply a high anti-icing capacity [23-25]. As gathered in Table 1 four
different super hydrophobic systems are analyzed in this article,
including a commercially available reference.
b) Polymeric matrix materials (PMM): A reduced electronic interaction
can minimize water or ice interaction with a surface, even though a
high hydrophobicity is not achieved. The most representative

Micron size
1) Direct impingement: supercooled droplets
Accelerated

Ice layer

Droplet aggregation = water flowing
T>0°C

Running-wet:
2) & Sliding

Fig. 1. Overview of The runback-ice issue. Left: Image of icing downstream from a heated area in an engine air inlet (courtesy from Airbus DS). Right: Scheme of
icing mechanisms including ice accretion due to impingement of supercooled droplets and droplet aggregation flowing towards cooler areas and downstream icing.
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Table 1
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Lists the specific coatings and bulk materials tested in this study grouped according to the previous categories and provides additional information about each of them.
A specific label has been assigned to each material/coating to ease their identification in the text. The commercial references denominations are followed by an

asterisk:
Anti-icing strategy Design characteristics Proposed candidates Denomination
. - Low surface roughness AA 6061-T6 (bulk) HARD_1*
L hi hard materials (HARD -
ow roughness hard materials ( ) - High hardness, expected high durability =~ Anti-stick Quasicrystal coating (coating) HARD_2
- Low surface roughness Polytetrafluoroethylene (PTFE) (bulk) PMM_1*
. . . - Low surface energy Aerodur Aeronautic Polyurethane paint (coating) PMM_2*
Pol; t terials (PMM y
olymeric matrix materials ( ) Siloxane modified Polyurethane paint (coating) PMM_3
Siloxane modified Polyester paint (coating) PMM_4
- Low surface roughness NusSil by Avantor (coating) ELAS_1*
Elastomeric coatings (ELAS) - Low surface ener'g'y Silicone oil-infused PDMS (coating) ELAS 2
- Good water mobility
- Low ice adhesion
- Medium-high surface roughness PVDF-HFP electrospinning matrix + silicone oil (coating) SLIPS_1
. A - Low surface energy Al,O3 matrix + perfluoropolyether (PFPE) lubricant oil (coating) ~ SLIPS_2
1 I fi f: LIP: -
Slippery liquid infused porous surfaces (SLIPS) o0 4 \over mobility SiO, matrix + perfluoropolyether (PFPE) lubricant oil (coating) ~ SLIPS_3
- Low ice adhesion
- High hierachical surface roughness NeverWet by Rust-Oleum (coating) SHP_1*
. - Low surface energy Organosilane-type modified Polyurethane paint (coating) SHP_2
h hobic (SHP -
Superhydrophobic (SHP) - Excelent water mobility Laser treated AA6061 + Al;O3 + PTOTES (Surface Treatment) SHP_3
Laser treated AA6061 + STA treatment (Surface Treatment) SHP 4

materials in this category are some fluorinated polymers [26,27],

which have shown promising performance but low durability. Sili-

cones [28] and modified polyurethane coatings [29] have also re-
ported anti-icing performance.
c) Slippery liquid infused porous surfaces (SLIPS):

In this case, a lubricant fluid is infused in a porous or textured
surface to minimize the ice/surface interaction. Since 2011, when
this type of material was first introduced [30], many studies have
reported low ice adhesion values [31-33], with some of these surface
terminations presenting the lowest ice adhesion values ever reported
for this category [34,35]. These materials are usually characterized
as HP with moderate WCA (90-110°), but very low sliding angle (SA)
and contact angle hysteresis (CAH) values and excellent water
mobility. Their main drawback, however, is the depletion of lubri-
cant content upon operation, meaning that it must be reapplied after
several usages.

Elastomeric coatings (ELAS):

These polymeric elastic surfaces have low elastic moduli and high
deformability properties, which can lead to quite low ice adhesion
[36,37]. By increasing the roughness and/or creating structures in
elastomeric surfaces, both SHP and low ice adhesion can be achieved
[38]. Moreover, elastomeric matrix SLIPs have been produced using
polymeric porous scaffolds infused with lubricants [39].

Low Surface Energy and hard material (HARD):

Although a clear concept of low interacting material and its rela-
tion with anti-icing behaviour is not yet available, anti-stick quasi-
crystal (QC) materials can be also considered within this category.
These have a cluster microstructure that generates reduced elec-
tronic density and low surface energy [40,41]. In previous work,
some QC materials have shown low ice accretion [42] as well as low
ice adhesion and interfacial toughness [43], while hardness was 4
times higher than that of the reference AA6061-T6, which has been
proposed as aeronautic commercial reference of hard material with
no anti-icing performance.

d

=y
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e

The anti-icing coatings/surface treatments and commercial refer-
ences were applied on AA6061-T6 coupons (100 x 50 x 3 mm and 50 x
50 x 3 mm sizes). The application process, the provider, and related
references for comparative analysis are included as Supplementary
material (Section S1).

2.2. Surface characterization: roughness and wetting

Surface roughness was measured using a confocal microscope
(model S-mart, SENSOFAR METROLOGY, Barcelona, Spain). The
confocal microscope applies a Corse Shift single algorithm with an EPI
20x V35 lens for an area of 850.05 x 709.32 pm?2. According to the
standard ISO 4287, the roughness profiles (S-L) measurements have
been retrieved with three different filters: a low filter (F-operator-level,
plane), a high filter (S-filter, standard cut off As: 2.5 pm), and a Gaussian
filter (L-filter, standard cut off Ac: 0.25 mm). An average value was
obtained from measurements taken at five different locations.

For non-static processes like ice detaching, besides the static wetting
contact angle (WCA), dynamic wetting properties are also relevant.
Therefore, characteristic features such as the sliding angle (SA), defined
as the minimum inclination angle for a droplet to slide over the surface,
or the contact angle hysteresis (CAH), which accounts for the maximum
deformation of the droplet before sliding following the inflating/
deflating method, have been also determined. The wetting properties
were determined using an Optical tensiometer (Biolin scientific Theta
lite) from Lasing, S.A. Madrid (Spain). The mean values were obtained
from three measurements using 5 pL of deionized water for the static
WCA, and 10 pL for the dynamic properties: SA and CAH.

2.3. Ice testing

2.3.1. Icing wind tunnel (IWT) and icing experiments

One of the main characteristic features of aeronautic icing is ice
accretion by high-velocity impingement of supercooled droplets, a
process that can be reproduced in an Icing Wind Tunnel (IWT). In this
work, INTA's lab scale IWT (Fig. 2a) was used to simulate realistic ice
accretion processes.

2.3.2. Ice adhesion by centrifuge test

Ice adhesion was evaluated according to the centrifuge methodology
[44], following the procedures previously reported [45] (Fig. 2b-ii). The
mean value of ice adhesion stress (KPa) from three tests for every sample
was taken as representative of this parameter. Before ice adhesion
evaluation, homogeneous glaze ice layers were accreted on the 50 x 50
mm samples, covering one-half of one side on every sample (12.5 cm?)
(Fig. 2b-i). The icing conditions were: Air Velocity: 70 m/s, Total Air
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a) Icing wind tunnel sections

c) lce accretion by direct impingement in IWT

i ) Direct impingement: i )

15°

Micron size Supercooled
droplets accelerated

d) Ice accretion by running wet method in IWT

i ) Running-wet:

Droplet aggregation = water flowing
T>02C
Sliding

~

Fig. 2. Testing descriptions. (a) Image of Icing Wind Tunnel sections [45]; (b)
Ice adhesion test: i) Detail of ice accreted on a sample; ii) Centrifuge system; (c)
Direct impingement test: i) Mechanism scheme; ii) Specimen in the holder; (c)
Running-wet test: i) Mechanism scheme; ii) Testing system includes a heater to
simulate the running-wet process.

Temperature (TAT): —5 °C, Liquid Water Content (LWC): 1 g/m® and
Median Volume Diameter (MVD): 20 pm.

2.3.3. Ice accretion by direct impingement tests in IWT

As described in the introduction, in those zones of the model air inlet
system subjected to direct impingement of droplets coming from the
airflow, ice accretion caused by supercooled droplets can be quite sig-
nificant. To study this accretion process, a dedicated sample holder was
designed where samples are placed at an incidence angle of 15° (Fig. 2c-
i/ii).

The icing conditions were: Air Velocity: 35 m/s, TAT: -15 °C, LWC:
1.0 g/m® and MVD: 20 pm, to obtain glaze ice. After 2 min under these
conditions, the surface of the samples was analyzed to qualitatively
evaluate the covered area and amount and type of ice accreted. All tests
were video recorded.

Surface & Coatings Technology 465 (2023) 129585

Python and the package “open-cv” have been used for image pro-
cessing. The main goal of this processing was to have a numeric esti-
mation of the percentage of ice-covered areas to perform a semi-
quantitative comparison between samples. For the processing of the
images, only the pixels inside a predefined rectangle were selected. The
area was large enough to be representative of the zone of samples
accreted with ice. To consider a pixel inside the image as ice, its aspect
was compared with a colour threshold (on red, green and blue channels
independently) previously defined for each sample depending on sur-
face colour, reflectivity, or the incident light onto its surface. The pixels
that were considered as ice were counted and compared with the total
number of pixels that are inside the examined rectangle, thus obtaining
the percentage of surface covered with ice. An additional factor for
consideration in the analysis of the percentage of area covered by ice is
the effect of perspective (angle used to take the photographs) on the
software evaluation of the pixels. This may produce small inaccuracies
in the relationship between the pixel size and its equivalent length and
therefore in the final percentage of ice-covered area. An example of the
way how the software deals with real photographs are reported in
Supplementary Information S2 (Fig. S2). Taking this source of inaccu-
racy into account, the area percentage covered by ice is handled in a
semiquantitative way in this work.

2.3.4. Ice accretion by running-wet tests in IWT

In the running-wet icing process, water flows from an upstream
heated area of the sample. In this case, the designed holder places the
sample at —5° of incidence angle relative to the airflow direction and
includes an upstream heated zone emulating the action of a thermal IPS
placed in the leading edge section when operated in anti-icing mode
(Fig. 2d-i/ii). The tests were performed according to the following
procedure:

1. The sample + holder block was placed in the IWT at TAT: —5 °C.

. The air velocity was set at 35 m/s.

3. Then the heater was set to reach a stable 0 to 5 °C surface temper-
ature (anti-icing mode).

4. A nebulization cloud was applied during 2 min of exposure (LWC:
1.0 g/m® and MVD: 20 pm).

N

In these conditions, the supercooled water cannot freeze in the
heated leading edge section and flows through the test specimen until it
freezes (runback freezing). After 2 min, the samples were analyzed and
compared to evaluate the amount and type of ice accreted, as well as the
percentage of covered area. All the tests were video and thermograph-
ically recorded.

The most promising candidates from the 2 min running-wet
screening tests were subjected to longer cycles (15 min) following the
same methodology until an eventual loss of performance and/or a
relevant ice accretion takes place.

3. Results and discussion
3.1. Roughness and wetting behaviour

The roughness measurements and the wettability parameters of all
samples are gathered in Table 2.

Data in Table 2 reveal significant differences among materials of
different categories and, within the same category, also from one surface
termination to another. These differences will be used to account for or,
at least partially explain, the different data derived from the icing-test
results in Section 3.2. As a summary, Fig. 3 shows a schematic view of
the static and dynamic wettability behaviours found for the investigated
materials as a function of the sample characteristics such as roughness
and drop mobility.

According to this schematic representation, materials of the HARD
category have a smooth finishing (especially in polished QC) and, in
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Table 2
Roughness and wetting characterization at room temperature.
Material Roughness (Sa - pm) Std. Dev.~ WCA (°) Std. Dev. CAH (°) Std. Dev  SA (°) Std. Dev
HARD_1 0,22 0,11 90 1,4 90 - 60 -
HARD_2 0,08 0,01 96,9 5 96,9 - 60 -
PMM_1 0,14 0,03 101 3 20 2,6 20 3
PMM_2 0,08 0,01 72,7 4,9 72,7 - 60 -
PMM_3 0,83 0,23 90 1,5 20,3 3,5 60 -
PMM_4 0,05 0,03 74 0,3 74 - 60 -
ELAS_1 0,06 0,01 115,1 1,7 30,2 4,5 60 -
ELAS 2 0,02 0,00 103,8 3,7 0 0 25 0
SLIP_1 1,19 0,64 155,8 0,3 16 2 14 2
SLIP_2 0,93 0,53 120 2,1 3 0,8 2 0
SLIP_3 0,37 0,05 121 1,9 6 2 12 3
SHP_1 2,78 0,50 166 0,5 6 1 5 1
SHP_2 0,95 0,18 148,9 1,2 148,9 - 60 -
SHP_3 39,15 7,10 175 0,5 6 0,6 4 1
SHP_4 13,71 2,40 170 0,8 6 0,8 4 1
Hard PMM Elas SLIPS SHP
<97° <101° <115° <150° >150°
0.02-0.2 pm
< Smooth

20°- 60°

2°-25°

Poor sliding |

Good sliding

> 60°
No sliding

Fig. 3. (Top) Schematic representation of static WCA and roughness levels. (Bottom) Schematic representation of water mobility.

general, their surfaces show a strong interaction with water that pre-
vents easy sliding despite droplet deformation. The PMM materials
(except PMM_3) have smooth surfaces and present a relatively weak
interaction with water that contribute to a decrease of the droplet
deformation (lower CAH) but at the expense of poor drop mobility. ELAS
are very smooth and present hydrophobic behaviour due to the low
surface energy of silicone. The high water mobility reached on the
surface of ELAS_2 is however noteworthy. A clear indication of their
high sliding capacity has been drawn during the inflating/deflating test
where a null contact angle hysteresis has been measured. The porous
surface of the scaffold developed for the SLIPS coatings makes them
sufficiently rough to display a high static WCA. SLIPS_1 reaches even
superhydrophobicity, while SLIPS_2 and SLIPS_3 are hydrophobic with
WCA ~120°. The low CAH and SA are indicative of excellent water
mobility. The water/surface interaction in SHP materials is the weakest
of all tested materials. Finally, the wetting behaviour of SHP coatings,
except for SHP_2, can be described by a Cassie-Baxter state model with
very low roll-off angles. The high WCA (especially in the two laser-
treated metallic alloys, samples SPH 3 and SHP_4) depends on the
roughness induced on the surface and the resulting relatively low con-
tact area with a water drop on top.

3.2. Ice testing behaviour

3.2.1. Ice adhesion stress

Several ice adhesion testing methodologies based on various
detachment principles under different icing conditions can be found in
the literature [46]. In this way, the icing procedure is one of the most
relevant differential factors when comparing ice adhesion results from
different research groups. Ice can be formed in molds inside a freezer, or
by the impingement of supercooled microdroplets that freeze immedi-
ately when they impact the surface. Ice formed by impact is closer to the
real conditions found in an icing cloud and similar to the airflow inlet
model system selected for testing in this work.

Ice detachment by centrifuge forces is a widely spread methodology
that keeps the ice unaffected during the tests, avoiding push or pull
stresses caused by external testing elements.

The ice adhesion results obtained for the tested materials are shown
in Fig. 4.

It is noteworthy regarding data in Fig. 4 that the reported average
values are the result of a relatively large dispersion of data. Such
dispersion is common in this type of adhesion test where different
adhesion values can be obtained for various repetitions with the same
sample and ice accretion methodology. However, data in Fig. 4 depicts
clear trends enabling the establishment of the following ranking for the
ice-adhesion performance (better performance corresponds to lower
adhesion, the list also includes two spplited materials, PTFE and AA
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Fig. 4. Ice adhesion stresses of the different tested samples colour-grouped by categories of materials. Please note that there is no error bar in SHP_3 because the
centrifuge reached its maximum rotation velocity without shedding the ice. The adhesion value, in this case, is, therefore, higher than 655 KPa.

6061-T6 commonly used as references): ELAS > SLIPS > HARD_2 >
PTFE > PMM > AA 6061-T6 > SHP.

As previously reported, elastomers and SLIPS samples showed low
adhesion values [33,47], feature that can be attributed to the incorpo-
ration of a liquid lubricant on the SLIPS surfaces in direct contact with
the ice. This produces a decrease in the effective ice contact area,
minimizing the nucleation sites and, consequently, the adhesion of ice
layers [48]. The tested SLIPS had adhesion values in the range of 22-46
KPa, and the best result (22 KPa) was obtained for SLIP_1 consisting of a
fluorinated polymer matrix infused with silicone oil. Ice adhesion was
almost twice (close to 40 KPa) in samples SLIP_2 and SLIP_3 consisting of
a ceramic matrix infused with perfluorinated oils.

ELAS samples presented adhesion stresses in the remarkable range of
9-23 KPa, 3 to 9 times lower than PTFE (PMM_1), known as a low ice
adhesion reference. These results are in good agreement with reported
works, where these materials exhibited some of the lowest values so far
known. For example, He et al. [49] reported a super-low ice adhesion
surface (SLIAS) consisting of PDMS-based coatings and proposed a
macroscale-initiator (MACI) mechanism in which the coating deform-
ability plays an important role as a crack initiator in the ice-surface
interaction. Similarly, Golovin et al. described a good ice adhesion
performance for other icephobic elastomers, especially for pieces with
large sections, where a low interfacial toughness seems to be beneficial
for ice detachment [50].

From the PMM group of materials, the aeronautical polyurethane
paint (PMM_2) showed fair behaviour, comparable to that of PTFE. A
relatively low ice adhesion in aeronautic-certified polyurethane paints
has been previously reported [51]. The PDMS-modified polyurethane
paint (PMM_3), which achieved higher WCA but lower water mobility
than the non-modified polyurethane, did not improve the adhesion
behaviour, probably because of its higher roughness.

Although a poorer performance was found in general for the HARD
materials (this was confirmed for sample HARD_1), an amazingly good
result was obtained for the anti-stick QCs (HARD_2), characterized by a
better performance than PTFE. Remarkably, the observed behaviour was
even better than that obtained in previous Double lap shear and push
testing experiments for in-mold-formed ice. As expected, bare AA6061-
T6 (HARD_1) ice adhesion stress was high and similar to some previ-
ously reported values [44,52].

The highest values of ice adhesion stresses were obtained for SHP
materials, likely due to the interlocking effect caused by the ice filling

the hills/valleys levels of their surface roughness structure. Inside this
group, two categories can be differentiated: SHP_1 and SHP_2 with
roughness associated with a polymeric matrix and lower adhesion
values, and SHP_3 and SHP_4 with multiscale roughness on metallic
substrates and higher adhesion values.

In summary, 9 of 15 materials achieved ice adhesion values lower
than 100 KPa, a magnitude that is deemed a threshold for low ice
adhesion surfaces, and only one elastomeric material reached a value
lower than 10 KPa, where detachment might be induced by natural
forces, such as wind or gravity [53].

3.2.2. Ice accretion by direct impingement in IWT

The metastable state of supercooled water droplets can be easily
altered by any kind of perturbation (e.g., an impact). On the other hand,
the small size of cloud microdroplets causing icing in aeronautics min-
imizes the splashing effect, helps the ice nucleation and quickly leads to
the formation of an ice layer strongly attached to the surface. There have
not been passive solutions reported that completely avoid ice accretion,
a process particularly critical onto perpendicular surfaces to the direc-
tion of incoming droplets.

In an engine air intake, as the one reported in Fig. 1 (Right), there are
many different angles of incidence for the direct impingement of drop-
lets. To consider this variability, for the current systematic study of
materials, an angle of attack of 15° has been selected as representative of
the wide range of angles encountered in a real situation.

Fig. S3 in the Supplementary Information shows images taken after
icing, together with the calculated percentage of ice-covered area. The
bottom section of each specimen is masked by the fixturing. Fig. 5 shows
the summary of the percentages of ice-covered areas for the different
materials. As deduced from this figure, a first assessment of the icing
performance of the examined types of materials follows the order: ELAS
> SLIPS > SHP > HARD_2 > PMM > AA 6061-T6, from best to worst
anti-icing behaviour.

A closer inspection of specific features in the images in Fig. S3 in the
Supplementary Information and data in Fig. 5 provides interesting
additional information. Thus, HARD_1 surface appears completely
covered by ice, including some regions in the centre, where the formed
ice was transparent. As for the ice adhesion results, ELAS and SLIPS
samples prevent ice accretion. We think that the high water mobility on
these materials evidenced by their low SA and CAH values (c.f. Table 2)
is an important factor contributing to avoiding ice pinning and therefore
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Fig. 5. Ice accretion by direct impingement in IWT. Comparison of the ice-covered area % in the different coatings.

to decreasing the icing rate. Very likely the low ice adhesion stress on
these surfaces is an additional factor contributing to this functionality.
This was supported by the observation of small water/ice aggregates and
ice blocks moving under the action of the flowing air pressure on sur-
faces of these materials covered with accreted ice (see also Movie S1 as
Supplementary Information S4).

Current tests with the SHP_1 coating confirmed its known optimal
performance to delay ice accretion under natural icing conditions in
anemometers [54], or even unmanned aerial vehicles UAVs [55] It was
also found that this commercially available coating decreases the ice
buildup on rotor blades and partially mitigates thrust losses [56]. In
turn, SHP_3 material produced a decrease in ice accretion by 29 % with
respect to an untreated aluminium alloy aerodynamic profile, keeping
its good sliding behaviour during the entire 2 min of the test period.
However, SHP_2 and SHP_4 materials did not demonstrate sufficiently
good performance in this IWT test. SHP_2 neither showed significant
water mobility, while SHP_4 lost its anti-icing performance after a few
seconds of nebulization (see Movie S2, reported as Supplementary Ma-
terial S5). From the percentages of ice-covered area in Fig. 5b and the
just commented evidence, two conditions must be fulfilled to achieve a
significant reduction of ice accretion from supercooled microdroplets on
SHP materials: a) a high water mobility enabling an easy sliding or
bouncing out of droplets before their freezing; b) a stable and durable
Cassie-Baxter state to maintain the previous condition.

According to Fig. 5, PMM materials depicted a poor performance
regarding ice accretion with the formation of big, partially connected ice
agglomerates or islands. The percentage of the covered area of samples
was rather high for all samples, particularly for sample PMMM_1. The
uncoated HARD_1 aluminium alloy sample also depicted poor behaviour
against icing, showing the worst performance of the whole series of
investigated samples. In this sample, ice is accreted in the form of a
continuous layer (i.e. 100 % coverage of surface area). Unlike this
HARD_1 sample, the behaviour of sample HARD_ 2 (QC) was rather
promising for harsh conditions applications (accreted percentages
around 15 % according to Fig. 5b), particularly because it is a very hard
material with a Vickers hardness of 5.1 GPa. The low accretion found in
this test supports previous results with flat samples of this material for
90° of incidence angle, where a reduction of 28 % in ice accretion was
found in comparison with uncoated AA6061-T6 [42]. The lower
roughness of HARD_2 samples in the current experiment (Ra 0.08 Vs
0.20) and the different angles of incidence of impinging droplets (15°, vs
90°) account for the lower ice accretion found here.

Besides the percentage of surface area covered by ice (Fig. 5b), the
assessment of the shape of ice aggregates is also a relevant differential
characteristic of the icing behaviour. Particular shapes are tightly
related to the degree of surface-water/ice interaction and, eventually,
with the icing mechanisms. Detailed views of the accreted ice and pro-
posed mechanisms responsible for the shape of the ice aggregates are
reported in Fig. S6 in the Supplementary Information. The mechanism
by which the incoming droplets become partially or totally detached
from the materials after their impact determines the morphology of ice
aggregates and how ice becomes accreted on the surface. High substrate-
ice interaction and a low water release capacity of surfaces lead to the
formation of continuous layers of ice (e.g., this happened on sample
HARD_1). ELAS and SLIPS samples, characterized by moderate WCA
values but favorable sliding, give rise to the formation of large contact
area ice islands with low adhesion. In contrast, the SHP materials
(characterized by a Cassie-Baxter wetting state) are characterized by
both a high WCA and a high rolling capacity. As a result, these samples
accrete ice aggregates with spherical/droplet-like shapes and small
contact areas with the substrate, but high adhesion strengths.

3.2.3. Ice accretion by running-wet in IWT

The methodology implemented for this test permits the discrimina-
tion of the direct impingement of water droplets from a running-wet
mechanism, enabling the separate evaluation of the latter. Running-
wet tests were first done on sample HARD_1 with the leading edge
heater OFF. As expected, an angle of incidence of —5° was too small to
enable ice accretion on the impingement area of the leading edge, but it
was enough for freezing on the “run back” section.

During the heating tests, the temperature of the leading edge section
was close to 5 °C, high enough to inhibit ice accretion in this zone but
low enough to avoid excessive heating of the downstream flowing water.
Fig. S7 in the Supplementary Information shows photographs of the
icing events taking place in running-wet mode on the different types of
investigated materials.

In runback icing tests, the impinging water is slightly “heated” at the
leading edge and slides on the surface in liquid form to reach the
runback section. As a consequence, water mobility plays an important
role. It is important to note that the incoming microdroplets may
aggregate in the form of bigger droplets, rivulets, or water films. The
various icing mechanisms expected to occur in running wet icing pro-
cesses are described in Fig. 6 depending on the water sliding capacity on
the surfaces. Antonini et al. described the mechanisms and differences in
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Fig. 6. Schemes of the different water roll-off/slide action mechanisms
involved in the running-wet testing mode.

runback icing behaviour for hydrophilic and SHP surfaces [57]. Ac-
cording to this author, sliding droplets moving onto hydrophilic surfaces
sooner or later freeze on the surface, while SHP surfaces reject (by re-
bounds or by roll-off) this water out of the surface, avoiding the accre-
tion of ice.

In general, there was a good anti-icing performance for the different
materials in the running-wet mode, although a clear classification by
category of materials was not straightforward for this test. A rough
classification based on visual observation of the amount of accreted ice
would be the following: SHP > HARD_2 = PTFE = SLIP_2 = ELAS 2 >
PMM = ELAS_1 > SLIPS > AA 6061-T6 = PMM_2, starting with the best
performing material (less accretion, the list includes also the references
PTFE and AA 6061-T6). Three types of icing stages have been taken into
consideration to establish this ranking: ice that grows from the edges
towards the sample centre, isolated ice islands, or the combination of
both (for additional information, see also Fig. S8 in the Supplementary
Information). We must note that for this evaluation, the ice accreted on
the sample edges has been disregarded because accumulation in these
zones may depend on small misalignments between the sample and
holder (upper and lower edges) or defects generated during the sample
cutting process (left and right edges).

It is noteworthy that, as revealed from the images in Fig. S7 in the
Supplementary Information, the worst performance was found for ma-
terials that are currently used for aeronautical applications (HARD_1:
AA6061-T6 and PMM_2: PU aeronautical paint), which stresses the need
for new and reliable anti-icing materials or coatings. These materials
presented two types of icing which were observable during the first
seconds of nebulization. Remarkably, SHP materials kept their surface
free of ice after 2 min of exposure, with just a few small ice islands
formed on sample SHP_2 (this sample presented the lowest water
mobility from all tested SHP materials).

Not only hydrophilic surfaces (WCA < 90°) promote a high surface-
droplet interaction favouring freezing. Hydrophobic surfaces (90° <
WCA < 150°) may also provide sufficient water-substrate contact area to
ensure an effective heat exchange leading to freezing. Yet, other key
factors of icing are the surface sliding capacity and the running-wet
distance, the two of them affecting the contact time of droplets with
the surface. Better sliding or shorter contact times reduce the interac-
tion, and consequently the amount of accreted ice. Thus, the lower the
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sliding, the higher the interaction is, and the more ice forms.

The scheme in Fig. 6 represents the interaction mechanism on SHP
surfaces and highlights why they are particularly well fitted for running
wet anti-icing: the actual contact area is extremely low, there is no time
for heat exchange and no effective nucleation sites can be found before
the droplets are rejected by bouncing or rolling-off. Thus, once droplets
take off from the surface and are beyond the influence of the aero-
dynamic boundary layer, they will not impact again on adjacent
surfaces.

A second group of samples (HARD_2, ELAS_2, PMM_1, and SLIPS_2)
depicted a low ice accretion at the edges, a behaviour that could be
explained by a suitable combination of low surface energy, high sliding,
and low roughness. SLIPS_1 and SLIPS_3, on the other hand, present a
high level of icing at the specimens' edges, where ice begins to accrete
already during the first few seconds of nebulization. In this case, the
scattered and not-sticked ice deposits that form on the surface are likely
attached to surface defects or are the result of limitations of the testing
methodology.

Reliable anti-icing solutions must be durable and stable over time
and prolonged use. Therefore, the most promising materials selected out
of the 2 min screening running-wet tests were subjected to 15-min cycles
following the same methodology, until ice accretion began to be
observed. Photographs of the tested samples after 15 min of testing are
shown in Fig. 7a.

This figure shows that SHPs materials presented the best perfor-
mance, with icing occurring mainly at the edges of the samples.
Significantly, other high sliding materials (HARD_2, ELAS_2, PMM 1,
SLIPS_2) kept the anti-icing behaviour just for approximately 5 min, but
after 15 min they accreted ice at the edges and in the form of islands on
their central surfaces. The better performance of SHP materials was
exemplified by an outstanding anti-icing resistance in sample SPH_3
where icing was completely neglected. To further test this anti-icing
capacity, SHP_3 sample was subjected to three additional 15 min icing
cycles to explore its limits and determine whether the performance may
be lost. Images of this sample after each consecutive test are shown in
Fig. 7b. Remarkably, the last 45 min icing cycle confirmed the excep-
tional behaviour of this coating material where no ice forms on the
surface (ice only accretes at the upper side, where it is deposited on the
heater wires and upper edge of samples). We link such outstanding
performance to a permanent Cassie-Baxter state depicted by this sample
all along the successive test cycles. It is also noteworthy that this sample
did not present the rather common transition from a metastable Cassie-
Baxter to a Wenzel state found upon exposure to high-humidity envi-
ronments [58,59]. On contrary, sample SHP_3 held a stable Cassie-
Baxter rolling-off capacity under the IWT icing in-cloud conditions, as
well as in additional laboratory tests (see Movie S3 in Supplementary
Information S9). It is also remarkable that these surfaces present durable
freezing-delaying responses, with ice formation times from static drops
to ice as long as 230 min at —5 °C [38].

4. Discussion

Since the testing methodology in this study has been developed to
simulate specific conditions for a given application (i.e. engine air inlet),
this discussion frames within these particular conditions only. For the
first evaluation, we deemed it practical to rank the tested materials by
their performance for five different functionalities. For this purpose, we
assign numerical scores from 1 to 5, with 5 being the best performance
and 1 the worst. Table 3 presents a relation of the assigned scores. The
materials have been grouped in two sets, one formed by PMM_1, PMM_2
and HARD_2 materials and another set with the rest of the candidates.
The materials in each group have been evaluated separately from those
in the other.

Hardness and expected durability scores have been assigned
considering the hardness and maintenance requirements expected for
each type of material. In this regard, metals are the hardest, followed by
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a) 15 minutes running wet test results

running wet cycles in SHP_3 sample

1stcycle: 15’ ==  2nd cycle: 15’ » 4= 3rdcycle:15° == 4thcycle: 45’

Fig. 7. Running wet experiments of long duration carried out for the different anti-icing surfaces. a) Images of selected materials after 15 min of running-wet testing;
b) Images showing that sample SHP_3 kept the anti-icing performance after 3 successive icing cycles (15 min each) plus a subsequent 45 min icing cycle.

Table 3
Performance score for the tested materials.

Strategy/material Low ice adhesion  Avoid icing by direct impingementat 15°  Avoid running wet icing at5°  Water Hardness and expected

mobility durability

Hard_1 (AA 6061) 2 1 1 1 5

PMM 3 2 3 2 3

Elas 5 5 4 3 2

SLIPS 4 4 2 4 1

SHP 1 3 5 5 4

PMM_1 (PTFE) 3 1 5 3 3

PMM._2 (Aeronautic

Paint) 3 2 1 2 3

Hard_2 (QC) 3 4 4 1 5
SHP laser-treated metallic alloys, then the polymeric materials, followed Fig. 8a clearly illustrate the capacities and drawbacks of the materials
by the soft elastomers and finally SLIPS, as the latter requires replacing under investigation in this study:

the lubricant periodically. This classification is only intended for the
qualitative assessment of a functionality (durability), which is difficult if e HARD_1 (AA 6061-T6) and PMM 2 (Aeronautic paint): These

not impossible to evaluate quantitatively. commonly used aeronautic materials, despite their current and

To better visualize the interplay of the assigned scores, they have ample use in this field, showed poor behaviour in almost every
been plotted in radar graphs to have a general picture of the capacities category, highlighting the need for alternative anti-icing materials or
and limitations of the investigated materials. The results presented in coatings.
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b) Schematic representation of air inlet zones and assignation of suitable strategies
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Fig. 8. Summary of the Round Robin-like approach. a) Radar graphs of assigned scares to the different samples for: Ice Adhesion, Icing prevention: Running-Wet and
Direct Impingement, Droplet mobility and Durability; b) Schematic representation of an air inlet system (side view) divided into different sectors with reference to

the expected icing mechanism in each zone and the proposed passive solution.
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e HARD_2: The high hardness of this material, justifies a high erosion
resistance and high durability. It also shows high scores regarding
the delay of ice accretion under direct impingement and running-wet
conditions. An ice adhesion lower than 100 KPa is already within the
values considered low ice adhesion. In addition, this material has the
longest expected durability and a reasonably good anti-icing
performance.

PMM: Although it is difficult to be categorical solely relying on the
proposed score analysis, it appears that its anti-icing performance is
better than that of currently used materials in aeronautics, but not
good enough to represent a viable and durable alternative. A clear
example of this limitation is PMM_1 (PTFE), which depicts a low ice
adhesion and delays the running-wet icing, but has low hardness and
strength, high wear rate, and therefore low durability [60]. More-
over, its performance under direct impingement of water droplets
was simply unacceptable.

e ELAS: materials showed an outstandingly low ice adhesion, with
very low adhesion stress values enabling ice detachment by natural
forces (< 10 KPa). This property, combined with a high water sliding
capacity, deals to excellent ice accretion delays in both direct
impingement and running-wet modes. The main drawback is the
expected low durability due to its low hardness. Conversely, its
elastic resistance to impacts and high deformability have shown to be
beneficial in abrasion and erosion tests, keeping an acceptable per-
formance regarding ice adhesion, thickness loss and roughness
modification [61].

SLIPS: It behaves as ELAS, i.e., they are characterized by high water
mobility, low ice adhesion, delay of ice accretion under direct impact
and reasonably good running-wet performance. The need for
frequent lubricant replacement is the major drawback of this
promising strategy.

SHP: The low water surface interaction of this material evidenced by
the high WCA and outstanding roll-off capacity of its Cassie-Baxter
state result in striking results in running-wet tests. Upon direct
impact, the ice becomes accreted in droplets or aggregates with ball
shapes and a small contact area with the substrate. However, the
adhesion of these ice aggregates is extremely high due to the inter-
locking effects of ice distributed within the roughness features of the
surface.

With this general evaluation analysis in mind, a general conclusion
of the Round Robin-like analysis carried out in the present work is that
no passive solution may completely and effectively protect against icing
all zones of aeronautic devices under all possible atmospheric icing
conditions. Since each material type has strengths and weaknesses, a
combination of various materials, each one appropriate for each specific
zone, might be the best approach for straightforward protection.
Therefore, for any successful anti-icing strategy, it would be necessary to
define differentiated zones or sectors where distinct icing mechanisms
are expected. This analysis should take into account a wide range of
experimental variables: air velocity, temperature, LWC, droplet size,
angle of incidence, the influence of upstream zones, etc. A simplified
approximation to this exercise for an engine air inlet entrance is sche-
matically shown in Fig. 8b. Zone 1 in this scheme is thermally protected
and therefore ice accretion does not occur in this zone. The resulting
thawed flowing water will reach zone 2 pushed by the incoming air
following a running-wet mechanism. The most suitable material to avoid
accretion in this zone relies on SHP materials. The roll-off or bouncing
water will finally reach zone 3, where different mechanisms in the top
and bottom regions are expected. The lower region of zone 3 will have
negative angles and an SHP material would be an optimal solution in the
downstream part following zone 2. At the upper face of zone 3 a
running-wet mechanism will be combined with a direct-impact icing
mechanism due to the high incidence angles of water droplets impinging
on this zone. Finding an anti-icing solution for this zone would be quite
challenging because the ice will probably accrete no matter the material
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chosen. Therefore, instead of delaying icing, ELAS or SLIPS could surely
be a good solution to promote ice detachment once it is formed due to
the extremely low ice adhesion strengths found in these materials.

A deep known of the working modes of different anti-icing strategies
will be a key factor to progress to reliable passive solutions or, at least, to
improve the performance of hybrid systems [62-65].

5. Conclusions

A dedicated testing methodology to simulate icing mechanisms for a
specific application (an engine air inlet) has been developed to evaluate
different anti-icing passive strategies and materials: hard polished
metallic materials (HARD), low surface energy polymeric matrix mate-
rials (PMM), Elastomers (ELAS), Slippery liquid infused porous surfaces
(SLIPS) and superhydrophobic materials (SHP). Fifteen different mate-
rials including aeronautical and commercial references, as well as pre-
viously reported anti-icing materials, have been tested and
systematically compared in a kind of Round-Robin analysis.

The overall conclusion of such a systematic work is that no unique
passive solution may effectively protect all zones of the chosen device
against ice formation. This limitation also applies to the different im-
pacts expected for the large variety of possible atmospheric icing sce-
narios. From this analysis, some application conditions and limitations
have been identified. The tested PMM material had a low ice adhesion
(< 100 KPa) but did not behave well enough against ice accretion for
both mechanisms, the direct impact of supercooled droplets and the
running-wet conditions. ELAS achieved super-low ice adhesion (< 10
KPa) and got a good protecting performance against both mechanisms of
ice accretion. With better water mobility than ELAS, SLIPS showed a
slightly lower anti-icing performance, characterized by a quite low ice
adhesion (22-39 KPa range) under the direct impact, but only a mod-
erate or average testing behaviour in running-wet.

SHP materials were excellent in promoting water mobility on its
surface, which resulted in an outstandingly good anti-icing running-wet
performance, even after 45 min of anti-icing activity for the combination
of laser treatment, nanocolumnar Al203 and perfluorinated grafting
[22]. This promising candidate depicted a stable Cassie-Baxter state
under the tested conditions. Direct impact icing was significantly
reduced and gave rise to the formation of rounded ice aggregates with
droplet shapes. However, an extremely high ice adhesion limits the use
of this coating to completely hinder ice accretion. The major drawback
of these materials is linked to their durability due to softness or main-
tenance requirements. In that direction, a tested polished quasicrystal
material (5 times harder than aluminium alloy) could be an interesting
durable candidate for anti-icing functionality. Its performance against
icing was relatively good (i.e., it depicted a low ice adhesion and mod-
erate ice accretion performance), while the expected durability was the
best from all tested materials.

Ideally, tailored anti-icing methodologies should be developed to test
the efficiency of advanced materials under specific conditions. The ef-
ficiency of each method should be demonstrated for each zone. We
propose that despite the herein detected limitations of the tested passive
anti-icing strategies, a combination of various materials chosen ac-
cording to the areas of the devices to be protected can be a solution, even
for a demanding application field such as aeronautics.
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