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Ice accretion and especially ice adhesion greatly influence the performance of different surfaces, materials and
structures in many industrial applications, e.g., in aviation, energy and transportation. To reduce ice adhesion,
surface engineering plays a crucial role in developing sustainable solutions by tailoring the surface properties.
The number of studies on improving and developing anti-icing surfaces and coatings are continuously increasing.
Ice adhesion testing methods are used for evaluating de-icing capability of materials and coatings. However, the
characterization of ice adhesion strength using standard methods is still lacking. In this research, we focus on
investigation of ice adhesion of aluminium alloys and flame sprayed polyethylene coatings with two different ice
adhesion test methods: centrifugal ice adhesion test (CAT) and pushing ice adhesion test (PAT). The aim is to
compare these test methods using similar ice accretion method and ice type on tested surfaces. An impact ice as a
form of mixed glaze ice was accreted by using supercooled water droplets in the icing wind tunnel. This mimics
natural ice formation in outdoor conditions. Ice adhesions measured with CAT were higher compared to PAT,
which indicates importance to find test specific criteria for ice adhesion levels and icephobicity indicators.
Moreover, coated surfaces showed lower ice adhesion, below 100 kPa, with both methods showing their po-
tential as icephobic coatings to be used in de-icing applications. Ice adhesion tests were modelled using finite
element method to analyse their stress distributions. Wettability and surface roughness were also evaluated to
correlate surface and material properties to icing performance.

1. Introduction design such as dense coatings as well as porous coatings to make slippery

liquid impregnated porous surfaces (SLIPS) (Koivuluoto et al., 2020).

Atmospheric icing is a serious concern and causing several chal-
lenges to various industrial sectors. A few examples of many problems
caused by icing are safety issues and energy loses e.g., in aircrafts (Yuan
et al.,, 2025), wind turbines (Tarhan and Cil, 2021), marine vessels
(Dehghani-Sanij et al., 2017) and transmission lines (Merrill and Feltes,
2006). In addition, icing has a detrimental impact on operational ac-
tivity, efficiency and reliability of industry, transportation, energy dis-
tribution and infrastructure (Koivuluoto et al., 2017). Anti-icing and de-
icing methods are used to prevent ice accretion and remove ice from
surfaces (Liao et al., 2015). Often, it is necessary to use combinations of
anti-icing and de-icing methods for ice removal because there are not
available any specific mitigation methods that can eliminate all the risks
caused by icing and cold conditions (Rekuviene et al., 2024).

Low ice adhesion surfaces have been developed globally for delaying
freezing or resisting ice adhesion. For example, icephobic surfaces have
been developed by using flame spray method with different coating
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SLIPS have also been made recently with low-pressure cold spray
coating process for anti-icing purposes (Khammas et al., 2026). Detailed
use of polymer coatings developed by thermal spray method for
different applications, particularly anti-icing, has been discussed in a
review article (Koivuluoto, 2022). Furthermore, polysiloxane (Zhuo
et al., 2021) and fluoropolymers have shown icephobic characteristics
(Yang et al., 2011). Magnetic slippery surfaces have been developed to
induce liquid-liquid interface and have resulted in extremely low ice
adhesions (Irajizad et al., 2019). A composite surface has been fabri-
cated which contained soft and rigid patterned areas which, in turn,
promoted ice crack initiation and increased icephobicity (Ibanez Ibanez
etal., 2025). There has been a significant progress in the development of
icephobic surfaces, but still further development is needed to improve
surfaces' application specific requirements in harsh outdoor conditions.
Different ice adhesion testing methods are required to evaluate ice
adhesion strengths in different icing and ice removal conditions to get
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better understanding of icing performance of different materials and
surfaces.

Many icing and ice adhesion testing facilities have developed their
own customized test methods due to the lack of standardized icing tests.
Typically, ice adhesion or icing test methods are designed for
application-oriented aims. Still, significant variation exists in the test
design and conditions even for the same methods. The oldest review of
ice adhesion tests has been published in 1979 by Sayward (Sayward,
1979), a common standard material such as aluminium, stainless steel or
polymer has been proposed for all evaluations and testing should be
performed in the identical way for results' comparison. The recent re-
view by Bleszynski and Clark (Bleszynski and Clark, 2021) have divided
ice adhesion tests mainly into two testing types to assess ice adhesion on
a flat sample. These are a direct mechanical and a centrifugal ice
adhesion test. In the direct mechanical test, a mechanical force is used to
remove ice from the tested material surface whereas in the centrifugal
ice adhesion test, centrifugal forces are subjected into ice causing
stresses to detach ice from the surface. A round robin study to summa-
rize ice adhesion results using same surface types and testing tempera-
ture (—8 °C) in various ice adhesion testing facilities was conducted by
Rehfeld et al. (Rehfeld et al., 2024). However, geometries and di-
mensions of the tested samples were not identical because of different
specifications of test methods. Ice adhesion strength comparison was
also reported for vertical shear test at Norwegian University for Science
and Technology (NTNU) and centrifugal test at Université du Québec a
Chicoutimi, Anti-icing Materials International Laboratory, Canada
(AMIL) (Rgnneberg et al., 2020). Both impact and mould ice were used
for ice adhesion measurements in AMIL and only mould ice was used in
NTNU facilities. The results showed visible difference between ice
adhesion values and standard deviations obtained with both methods
even for the same type of ice under same testing conditions and surface
type. Aluminium had higher deviation with vertical shear test while
icephobic coatings had higher deviation with centrifugal test. However,
the sample size was not same, and the test performed at different fa-
cilities might had influenced the overall results.

To address inconsistencies in ice adhesion methods, finite element
(FE) analysis has been used to evaluate the stresses during ice detach-
ment from the tested surface. The load or stress is distributed depending
on the ice geometry (Huré et al., 2022). When the stress is distributed
non-uniformly and concentrated at the applied force point causes
toughness fracture, on the other hand, for large ice thickness compared
to its length produces uniform stress leading to a stress based fracture
(Huré et al., 2022).Recent research has also provided a detailed FE
analysis at the ice-substrate interface of horizontal push test and showed
that small ice-substrate interface failure is caused by instantaneous ice
detachment called as stress dominated while large interface fracture
occurs due to gradual crack propagation identified as toughness domi-
nated (Stendardo et al., 2024) (Stendardo et al., 2023). FE analysis for
centrifugal ice adhesion test has been performed, which show that
maximum stresses of both shear and normal occurs at the ice-substrate
interface irrespective of substrate material and coating layer and
therefore causing adhesive failure (Koivuluoto et al., 2015). Therefore, it
is important to understand stress distribution and concentrations using
FE analysis when comparing test methods even under same experi-
mental conditions.

Though several researches have been carried out to evaluate ice-
phobic surfaces and measure ice adhesion strengths, investigating direct
comparison of any two methods under similar ice accretion process and
ice types are missing. The aim of this study is to show a comprehensive
intra-laboratory comparison of two different ice adhesion tests: cen-
trifugal ice adhesion test (CAT) and pushing ice adhesion test (PAT) used
for ice adhesion evaluation with impact ice on different surfaces. The
experiments were conducted in a controlled testing conditions inside the
ice laboratory. FE modelling of both tests was also performed to un-
derstand the stress distribution at the ice-substrate interface. In the
current research, the same ice accretion and surface preparation

Cold Regions Science and Technology 248 (2026) 104945

methods were used to evaluate ice adhesion of different aluminium al-
loys (Al2017, A16082, A17075) and flame-sprayed polyethylene (FS PE)
coatings on these Al alloys.

2. Experimental procedure

Three Al alloys Al2017 (Al2), Al6082 (Al6), and Al7075 (Al7) sup-
plied by ALUMECO A/S (Denmark) were investigated as as-received and
with coated surfaces. A12017 alloy is mainly Al and 0.46 wt% Si, 4.31 wt
% Cu, 0.68 wt% Mn, 0.72 wt% Mg, and 0.04 wt% Zn. Al6082 alloy is
mainly Al and 0.9 wt% Si, 0.09 wt% Cu, 0.44 wt% Mn, 0.8 wt% Mg, and
0.09 wt% Zn. Al7075 consists of mainly Al and 0.06 wt% Si, 1.6 wt% Cu,
0.03 wt% Mn, 2.7 wt% Mg, and 5.8 wt% Zn. The compositions of these
alloys were given by supplier. FS PE coatings were applied on each type
of Al alloy using flame spray process with an oxygen-acetylene flame.
Low-density polyethylene (LDPE) powder was used as a feedstock ma-
terial (Plascoat Systems Limited, The Netherlands). A mean particle size
of powder was 150 pm given by supplier. The feedstock powder com-
bined with compressed air as a carrier gas was feed using a Metco 4MP
feeder (Oerlikon Metco, Switzerland). Pressures of gases were 4.0 bar
and 0.7 bar for oxygen and acetylene, respectively. Spray distance was
325 mm. Al alloy substrates were pre-heated up to the temperature of
155 °C prior to the flame spray processing. Monitoring of the tempera-
ture was performed by a thermal imaging camera (Ti300 IR Fusion
Technology, FLUKE, USA). Powder was flame sprayed continuously
layer by layer, starting with three layers first and followed by three
layers more. The flame spray torch speed and step size were 750 mm/s
and 5 mm, respectively. Prior to the coating, substrates were grit-blasted
with Al;O3 grits (Mesh 40) to increase mechanical interlocking and
adhesion.

The ice adhesion strength was calculated from an average value of
three measurements along with standard deviation for each tested sur-
face. Ice was accreted using the icing wind tunnel (IWiT) shown in Fig. 1
(IWiT at Tampere University (TAU), Finland), which is placed in a cold-
climate room (Koivuluoto et al., 2015) (Stenroos, 2015). The selected
test temperature was —10 °C, which has been used in several previous
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Fig. 1. Experimental setup of impact ice accretion process using IWiT at
Tampere University.
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studies (Koivuluoto et al., 2015) (Donadei et al., 2020a) (Niemela-Ant-
tonen et al.,, 2018) (Khammas and Koivuluoto, 2022) (Aktas et al.,
2025). Deionized water with purity II, purified with Milli-DI Water
Purification System (MilliporeSigma, The United States) was sprayed in
the IWiT through air atomizing nozzles and accelerated to 25 m/s before
hitting the sample surface. The supercooled water droplets accrete ice
mimicking how it occurs in nature. The water droplet size was 20-30
pm. The droplet size and speed were measured using HiWatch HR2
(Oseir Ltd., Finland) diagnostic camera with the cold condition opti-
mized model using a uniform laser backlight with the camera to detect
the water droplet in-flight properties. The ice was accreted on the
sample area as 30 x 30 mm and ice thickness was targeted as 10 mm.
Samples with accreted ice were kept in the same cold conditions
(—10 °C) approximately 16 h before testing. The same ice type and size
was used in both ice adhesion tests.

Two ice adhesion testers, CAT and PAT were used. In CAT, ice
removal is caused by centrifugal force during the rotation of the sample
with an accelerated rotating speed. In PAT, force is coming from the tip
of the force gauge contacting the ice and pushing till the removal of the
ice. The centrifugal force F is shown in Eq. 1.

F = MjcI0? €))

where m, is the ice mass, r is the radius and w is the angular frequency.
The fixed acceleration sensor, located in the CAT protective dome, re-
cords the angular velocity of an ice detachment. The rotating blade
(supporting plate) has a sample attached with one side and a counter-
balance weight on the other side to reduce vibration effect during
rotation. It is made of aluminium and is 4 mm in thickness. PAT has fixed
sample position on the sample stage which can be adjusted both up/
down and left/right in relation with the tip. PAT is operated by rotating
the wheel manually which creates force probe movement. Force probe
acts as a pusher to push ice from the surface. The pusher is made from
steel with size of 20 mm diameter, and it is located at 1 mm height from
the ice-surface interface. The sample (aluminium plate) thickness is 2
mm in both CAT and PAT. Schematics of CAT and PAT are shown in
Fig. 2. The average shear stress T (average of three parallel samples)
given in Eq. 2 was used to calculate ice adhesion strength 7 in both CAT
and PAT.

T=— @

where F is the force and A is the iced area. The adhesion reduction factor
(ARF) was also calculated using the following Eq. 3 modified from
(Laforte and Beisswenger, 2005) which is the average ice adhesion
strength as-received surfaces divided by the average ice adhesion
strength of FS PE coated surfaces.

ARF — Tas—recieved (3)

TFS PE coated

Static contact angles (CA) were measured with a droplet shape
analyzer (DSA100, KRUSS Scientific, Germany) using the ultra-high
purity water (MilliQ, Millipore Corporation, USA). CA values were
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determined using the standard sessile-drop method. The measurements
were carried out in a controlled environment with an average temper-
ature of +23 °C and a humidity level of 50 + 2%. Each sample under-
went nine measurements, where a 5 pL. water droplet was placed on the
sample surface.

Surface analysis was further carried out using an optical profilometer
(Alicona Infinite Focus G5, Alicona Imaging GmbH, Austria) to inves-
tigate the effect of surface roughness on ice adhesion. Samples were
cleaned for 3 min with ethanol using an ultrasonic cleaner before
measurements. The focused area for measurements was 10 mm x 10 mm
at the center position of the sample. The surface roughness parameters
chosen were Sa (average height of selected area) and S10z (10-point
height of selected area). All measurements were carried out at 5x
magnification.

3. Finite element modelling

Three-dimensional FE models were made for analysing the CAT and
PAT stress distributions. The CAT and PAT models are shown in Fig. 3.
FE models were performed using commercial software Abaqus/Standard
2021 (Dassault Systemes, France). The PAT and CAT models included
the ice block, sample (aluminium plate) and aluminium supporting
plate. In addition, the pusher is modelled in the PAT model. All materials
were modelled as linear elastic. The materials properties are shown in
Table 1. Material density was only used in the CAT model due to the
acceleration-based loading.

The interaction of ice and plate was modelled using tie constraint,
which restricted relative motion between them. Similarly, the plate hole
and supporting plate were tied. The plate and supporting plate other
surfaces in contact had frictionless surface to surface contact. The
similar type of contact was also modelled between the pusher and ice in
the PAT model. The pusher end, opposite to the contact surface, was
made rigid. The pusher end rotations and displacements, excluding the
load direction, were restricted. The concentrated force with the value of
134 N was defined in the same location. The force value was based on
the PAT experiment providing the highest force. All displacements at the
bottom of the supporting plate were restricted in the PAT model. The
CAT model boundary conditions were attached to the supporting plate
end where displacements were restricted. The rotational body force was
used in the CAT model. The value of the angular frequency used in
analysis was 544.58 rad/s. The angular frequency was taken from CAT
experiments for same as-received aluminium alloy that providing the
maximum force for PAT analysis. All parts in both models were meshed
using reduced integrated 8-noded solid elements (C3D8R). Typical
element dimensions were 0.5 mm in the plate and ice, 1 mm in the
pusher and 2 mm in the support plate.

4. Results and discussion
4.1. Modelling of CAT and PAT

Stress distributions are important for understanding the difference in

Digital Force Recorder _ Force Probe

Fig. 2. Schematics of (A) centrifugal ice adhesion test (CAT) and (B) pushing ice adhesion test (PAT).
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Fig. 3. The FE models of (A) CAT and (B) PAT.

Table 1
Material properties for finite element analyses (Koivuluoto et al., 2015)
(Gammon et al., 1983) (MMPDS-03, 2006).

Material E [GPa] v[-] p [kg/m®]
Aluminium 71 0.33 2700
Steel 210 0.3
Ice 9.332 0.325 919

ice adhesion testing methods. For that reason, PAT and CAT tests were
analyzed using FE models. Figs. 4 and 5 show shear (S23) and peel (S22)
stress distributions and concentrations at the ice-substrate interface for
CAT and PAT methods, respectively. Same stresses are also presented as
line plots in Fig. 6. Line plot's horizontal axis presents the distance from
the ice front, where the highest stresses exist, in the experimental force
direction. Line plots are shown at the ice edge and in the middle in the
width direction. Ice adhesion strength (Eq. 2) is based on the same shear
stress as shear stress (523) at the interface provided by FE analyses. Peel
stress (S22) describes the stress distribution of peeling ice off from the
interface. The ice-substrate stresses, shown in Figs. 4 and 5, are based on
experimentally obtained maximum forces. Practically, stress distribu-
tions provided by analysis are directionally proportional to experi-
mental force due to use of linear elastic material and frictionless contact.
The usage of other experimental force values would change the range of
minimum and maximum stresses, but distributions would be similar.

S, 523
(Avg: 75%)

S, 523
(Avg: 75%)

Here, the range of experimental force values were from 294 N to 417 N
and from 128 N to 134 N for CAT and PAT, respectively.

The shape of shear stress distributions in CAT and PAT seemed to be
close. A high shear stress peak is shown in both cases, which reduced by
one decimal in few millimeters' length. Similar behaviour is shown in the
edge and the middle of the ice. The stress concentrations were smaller at
the edges and larger in the middle in both cases CAT and PAT. Peel
stresses also have a significant peak value. However, peel stresses reduce
to negative value, presenting compressive loading instead peeling off,
shortly after the concentration. The peel stress distribution had differ-
ence between both methods. The effect of force probe or pusher in
contact with ice while pushing the ice caused different peel stress dis-
tributions around the tip of force probe in PAT. Peel stresses are close to
zero in a major part of the interface in the PAT. In CAT, negative peel
stresses are also shown roughly 15 mm to 25 mm distance from the stress
concentration. Overall stress concentrations, shear and peel, were rela-
tively higher at the ice-substrate interface in CAT (Fig. 4) compared to
PAT (Fig. 5). CAT stresses maximums' are practically double to PAT. Peel
stress (S22) had higher stress concentrations values than shear stress
(S23) in both methods.

Shear and peel stress distributions had high stress concentrations
based on the analysis. Stress concentrations were located at the edge of
the ice. The ice is modelled as a cuboid, which provides 90-degree angle
on the ice edge and to the edge of the interface. This corner is a natural
location for high stress concentration, which values are typically

S, 522
(Avg: 75%)

S, 522

Fig. 4. CAT method out-of-plane shear stress S23 in (A) 2D and (C) 3D and peel stress S22 in (B) 2D and (D) 3D.
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Fig. 6. Shear (A) and peel (B) stress distributions as a line plots. The horizontal axis presents the distance from the stress peak location. Edge and middle presents

lines in the loading direction located at the specimen width.

dependent on the element size. In the experimental cases, there might be
some rounding, which could reduce peak values.

Shear and peel stress concentration values are reducing significantly
in few millimeters' distance. This indicates toughness dominated frac-
ture where detaching would onset and propagate from the stress con-
centration. In experiments, the detachment of the ice occured rapidly.
This typically refers to a brittle fracture. In future work, an analysis of ice
detaching of the substrate could be analyzed using cohesive zone model
(CZM). This could provide more understanding of detachment behav-
iour and differences between PAT and CAT. However, CZM analyses do
not come without drawbacks as discussed by (Jokinen et al., 2019). The
challenge of CZM analysis is that number of required interface param-
eters is increasing when fracture toughness for peel and shear modes is
required. Naturally, strength values for analyses are also needed for peel
and shear. Based on calculated stress values, either peel or shear stress
component influence in detaching ice from the substrate cannot be
excluded.

The modelling has also validated the non-uniform stress distribution
at the interface which is supposed as uniform in Eq. 2 (Work and Lian,
2018). Schulz and Sinapius (Schulz and Sinapius, 2015) has mentioned
non-evenly distributed shear stress at the interface despite the fact that
centrifugal forces are uniformly distributed in a centrifugal test. They
observed that the substrate expansion caused by the centrifugal force
significantly altered the shear stress along the interface. Carbon fibre

reinforced polymer due to its high specific stiffness has been proposed as
ideally rigid substrate. Nevertheless, previous attempt has been made on
stress analysis of ice adhesion but are very limited. Therefore, this study
is paving the way for understanding the difference in ice adhesion values
of different methods while keeping all other parameters, such as sub-
strate materials and testing conditions, constant. In a nutshell, different
loading forces i.e., centrifugal in CAT and linear in PAT influenced both
interface stresses as well as overall stress distribution differently and this
might be reason for the difference ice adhesion values between them.

4.2. Ice adhesion

Ice adhesion strengths of as-received Al alloys (Al2, Al6, Al7) and FS
PE-coated Al alloys (PE-Al2, PE-Al6, PE-Al7) were measured with two
different ice adhesion tests, CAT and PAT. Fig. 7 shows ice adhesion
strengths measured using both test methods, showing that FS PE-coated
surfaces had lower ice adhesions compared to their Al alloy counterparts
as expected. Furthermore, the average ice adhesion of FS PE coatings
was 67 + 19 kPa and 54 £+ 17 kPa measured with CAT and PAT
methods, respectively. Whereas Al alloys had higher ice adhesions
compared to polymer coated samples. Average ice adhesion strength of
Al alloys was 296 + 106 kPa measured with CAT whereas it was 111 +
35 kPa measured with PAT. Summing up, CAT showed higher ice
adhesion strength values than those measured with PAT for all coated
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Fig. 7. Ice adhesion strength of as-received Al alloys (Al2, Al6, and Al7) and FS
PE-coated (PE-Al2, PE-Al6, and PE-Al7) Al alloys using CAT and PAT methods.

and non-coated samples with only exception of PE-Al6 sample where
PAT showed slightly higher ice adhesion (67 kPa) than CAT (58 kPa),
but the results were within the standard deviations. The adhesion
reduction factors for A12017, Al6082, and Al7075 were 3.8, 6.3, and 2.9
tested with CAT and 1.8, 2.0, and 2.3 tested with PAT, respectively. All
coated samples had increased ARF, indicating coatings' lower ice
adhesion compared to their Al alloy substrate counterparts and better
icephobicity in de-icing capability.

Previous studies have also reported high ice adhesion strengths for
bare Al as 420 + 27 kPa (Saleema et al., 2011), polished Al as 242.5 +
26.1 kPa (Arianpour et al., 2016), 640 + 120 kPa for bare Al and 690 +
60 kPa for rough Al (Guerin et al., 2016) with CAT method, and for bare
Al with PAT method as 261 kPa (Yuan et al., 2020) in different ice test
facilities. These values support the high ice adhesion strength of
aluminium surfaces observed in this study as well. FS PE coating was
selected for this comparative study based on its low ice adhesion prop-
erties evaluated earlier (Koivuluoto et al., 2020) (Donadei et al., 2020Db).
Both CAT and PAT method showed ice adhesion strength below 100 kPa
for FS PE-coated surfaces. The ice adhesion strength range between 50
and 100 kPa has been defined as medium-low ice adhesion (Koivuluoto
et al., 2020).

Comparing ice adhesion strength of even the same material and
surface type across literature cannot be done because testing facilities, e.
g., ice adhesion test setup, ice formation, and testing temperature have
strong influence on the values. The comparative study based on cen-
trifugal ice adhesion tests at AMIL and TAU facilities using impact ice
formed at 15 m/s wind speed showed no consistent ordered sequence for
polymeric materials and surfaces (commercial names: Primer, Standox,
PTFE tape and PUR C25) (Rehfeld et al., 2024). The stated reason was
difference in conditioning times for the ice which was 10 min in AMIL
and 17 h in TAU (Rehfeld et al., 2024). The ice adhesion strength has
also been influenced by the sample size (Sivakumar and Sundararajan,
2024). In addition, ice type influences on ice adhesion (Kandelin, 2021)
(Rgnneberg et al., 2019). For this reason, this study kept all influencing
parameters same to reduce effect in measured ice adhesion strength and
find the causes of difference. Still, the values obtained with CAT and PAT
were not the same. The different type of loading in these two test
methods could be the reason which was supported by using FE model-
ling as discussed earlier, showing the difference in stress concentration,
components and distribution between them.

In our results, Al6 had the highest ice adhesion strength compared to
Al2 and Al7 with both CAT and PAT. The possible reason can be the
effect of thermal properties of these as-received Al alloys on the ice
adhesion strength. Cohen et al. (Cohen et al., 2016) have studied the
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effect of thermal conductivity of substrate on the ice formation and
adhesion. However, in their study two superhydrophobic treated sub-
strates were used, copper and polycarbonate, tested at —20 °C for 1 h.
Those results have presented that copper substrate due to its high
thermal conductivity increased heat transfer during freezing of the
water droplets regardless of superhydrophobic coating while poly-
carbonate which has low thermal conductivity indicated icephobic
behaviour by repelling the droplets under same test conditions. Here,
our investigation was based on the ice adhesion strengths measured by
two different methods in a connection with thermal conductivities of Al
alloys. A16082 has thermal conductivity of 172 W/mK (Alumeco, n.d.-
a), which is higher than the thermal conductivities of Al2017 and
Al7075 that are 134 W/mK (Alumeco, n.d.-b) and 155 W/mK (Alumeco,
n.d.-c), respectively. Therefore, the reason of higher ice adhesion
strength of Al6 might be the rapid cooling of supercooled water droplets
formed during impact ice and thereby creating a strong adhesion with
surface compared to Al2 and Al7. Further in-depth study is needed to
justify the influence of thermal conductivity on ice adhesion of Al alloys.

4.3. Surface properties of materials

Static water CA, ice adhesion strengths, and overall ice adhesion of
each surface which is the combined average ice adhesions measured
with both CAT and PAT methods and surface roughness of each sample
are presented in Table 2 for both as-received Al alloys and FS PE-coated
Al alloy surfaces. Al2, Al6 and Al7 showed CA less than 90°, while the
CAs obtained for PE-Al2, PE-Al6, and PE-Al7 were higher than 90°,
reflecting their hydrophobic wetting behaviour.

Water molecules affinity with material depends on its surface po-
larity, which generally increases when polarity increases (Azimi et al.,
2013). The number of polar sites in common ceramics and metals are
large because of unsaturated coordination at the surface, therefore, they
are more likely hydrophilic by making a hydrogen bond with water
molecule at the interface (Azimi et al., 2013). Dodiuk et al. (Dodiuk
et al., 2012) have studied ice adhesion phenomena in relation with
wettability. It has been found that lower ice adhesion can be achieved
with higher CA and vice versa. The stated reason was difference in
chemical and mechanical interactions of supercooled water droplets
with the cold surfaces, high in hydrophilic and low in hydrophobic
surfaces. Other studies (Koivuluoto et al., 2017) (Saleema et al., 2011)
have also reported higher ice adhesion for bare Al and other hydrophilic
surfaces using CAT method.

In addition to wetting behaviour, surface roughness also affected the
ice adhesion strength. Coatings were smooth as coated surfaces but not
as smooth as as-received Al due to the coating formation by molten
droplets, which cooled down after impacting the substrate and affected
the surface roughness (Koivuluoto et al., 2020). Both roughness values,
Sa and S10z (Fig. 8) were nearly in the same range in similar surfaces,
however, coated surfaces had higher roughness than non-coated Al
surfaces. Generally, the ice adhesion increases when surface roughness
increases (Koivuluoto et al., 2017). Previously, the influence of ice
adhesion strength with surface roughness has reported for aluminium
and polyurethane (Sivakumar and Sundararajan, 2024). It has been
mentioned that increase in roughness level increased the adhesion
strength of Al, however, there has not observed similar influence with
the polyurethane (Sivakumar and Sundararajan, 2024). The same study
has indicated a major increase in adhesion strength at higher roughness
level for Al, while polyurethane had slight increase in adhesion at only
lower roughness level. Furthermore, surface energy has influenced ice
adhesion and it depends on surface nature and chemistry (Cui et al.,
2019). Increase in ice adhesion strength with increase in surface free
energy of substrates was reported by Ozbay and Erbil (Ozbay and Erbil,
2016). The surface energy of smooth surfaces of Al and PE found in
literature was 39 mJ/m? and 30.9 mJ/m> respectively (Cui et al., 2019).
This can explain also why FS PE coated samples had lower ice adhesion
strengths with both CAT and PAT even though surface roughness values
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Table 2
Contact angle (CA), ice adhesion and surface roughness values of Al alloys and FS PE-coated Al alloys.
Property Al2 Al6 Al7 PE-Al2 PE-Al6 PE-Al7
CA (°) 77 £ 2 81+7 81+6 93 +2 91 +1 92 + 2
CAT - Ice adhesion (kPa) 327 + 43 364 + 93 197 + 105 87 +1 58+9 68 + 26
PAT - Ice adhesion (kPa) 83 +37 135+ 2 113 + 37 46 £ 16 67 +£16 50 + 18
Overall ice adhesion (kPa) 205 + 40 250 + 47 155 + 71 67 +9 62 +12 59 + 22
Sa (pm) 1.69 1.73 1.89 2.92 2.89 2.34
$10z (pm) 32.82 26.00 37.85 78.64 58.20 45.09

Al6
Sa=1.73
S10z = 26

[E]

Al2
Sa=1.69
$10z=32.82

[D]

PE-Al6
Sa=2.89
$10z=58.20

PE-AI2
Sa=2.92
$10z = 78.64

Height

(nm)
60-
40
20

0
-20
-40
-60

Al7
Sa=1.89
510z =37.85

Height

(um)

60-
40
20

0
20
-40
-60

PE-AI7
Sa=2.34
$10z = 45.09

Fig. 8. Surface roughness (A), (B) and (C) represent the roughness profile with Sa and S10z values of as-received Al alloys (Al2, Al6, and Al7) and (D), (E) and (F)

correspond to FE PE coated surfaces (PE-Al2, PE-Al6, and PE-Al7).

of FS PE-coated surfaces were higher than as-received Al alloys. It is due
to the different surface energy and chemistry of as-received Al and FS PE
coated surfaces.

5. Conclusions

Ice adhesion measurements with different techniques and compari-
son between them require harmonization of testing conditions, which
has been done for the first time in the same facility in this study. Two ice
adhesion testing methods, CAT and PAT, were used to compare their ice
adhesion strengths using the same sample size, testing surfaces and icing
conditions. Generally speaking, ice adhesion strength values measured
with CAT for all the samples were higher than PAT, except for one
coated sample type (PE-Al6), but their values were close to each other.
The possible reason for higher values in CAT can be the difference in
loading type. This is due to the different design of the test methods
which create different levels of stress at the ice-substrate interface
during ice removal. FE modelling showed that in both CAT and PAT, the
forces influence stress distribution and concentrations at the ice-
substrate interface differently. Peel stress had higher concentration
than shear stress in both methods. Moreover, when comparing surfaces,
PE-coated surfaces had lower ice adhesion strengths than non-coated Al
alloys measured with both CAT and PAT methods. Further, both test
types recorded ice adhesion strength of PE-coated less than 100 kPa
indicating icephobic performance and they also showed hydrophobic
behaviour. Lastly, it is understood from this study that even if icing
conditions, substrate materials, and geometry are kept the same during
testing, still the ice adhesion strength can vary between different test
methods.
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