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To mitigate the effects of icing in industry and everyday life,
significant efforts have been directed in the last decade towards
the development of surfaces with low ice adhesion. Although
several materials have emerged as potential candidates for the
development of ultra-low ice adhesion coatings, most of them lack
mechanical durability, as they are susceptible to abrasion. The
present study explores the ice adhesion properties of a nickel—
titanium (NiTi) shape memory alloy (SMA), which combines a rela-
tively low elastic modulus and mechanical durability, revealing that
SMAs can display icephobic properties, with ice adhesion strength
down to 100 kPa, comparable to that of soft polymers. NiTi samples
of varying thicknesses are characterized for their critical shear
stress and interfacial toughness, highlighting the significance of
sample thickness and stiffness in ice adhesion characterization.
Additionally, the impact of surface roughness on ice adhesion is
examined. As a metallic material, NiTi offers superior mechanical
durability, opening up a novel route for durable, coatingless tech-
nologies against ice adhesion.

1 Introduction

Unwanted ice accretion on exposed industrial structures and
facilities poses a significant threat, endangering both infra-
structure and human life. In the aeronautics industry, ice build-
up can have catastrophic outcomes, including the limitation of
aircraft maneuverability and aerodynamic efficiency. Conven-
tional active de-icing techniques, such as thermal and chemical
de-icing, have shown inherent limitations regarding energy
efficiency and environmental compatibility."™ Consequently,
over the past two decades, research on passive surfaces with
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New concepts

This study introduces a nickel-titanium shape memory alloy as a durable,
coatingless material with remarkably low ice adhesion, achieving adhe-
sion strengths below 100 kPa, typically seen only with organic coatings or
on soft polymers. While traditional materials generally suffer from
durability issues against mechanical abrasion, NiTi as a metallic material
offers resistance to erosion and abrasion similar to titanium alloys,
known for their excellent strength. This study demonstrates that, on
tuning the substrate thickness, NiTi shows an exceptionally low inter-
facial toughness and excellent ice removal capabilities, outperforming
those of conventional low-strength materials. Additionally, under low
temperature conditions typical of icing conditions, the elastic modulus of
NiTi significantly decreases, further reducing the interfacial toughness
and enhancing its ice removal efficiency. This effect is generally not
observed in structural metals such as aluminum or titanium. As such, we
define a new class of icephobic materials, suggesting that thin, coat-
ingless metallic plates could enable novel designs for ice protection
systems, eliminating the need for surface coatings susceptible to degra-
dation.

icephobic properties has flourished due to their potential to
reduce the energy consumption of de-icing systems and to
increase operational safety."®®

Although icephobic surfaces working under all conditions
are yet to be developed, low elastic modulus (or simply, soft)
materials are emerging, as they have shown exceptionally low
ice adhesion due to their ability to form stress concentrations at
the ice-substrate interface.”** Soft icephobic surfaces are
typically polymers, which can be precisely tuned to obtain the
desired properties and to minimize the adhesion to ice. How-
ever, they are susceptible to mechanical abrasion and erosion,
which limits their durability.

In this context, several research groups have directed their
efforts towards developing durable metallic alloys with low ice
adhesion properties, such as superhydrophobic coatings on
aluminum alloys.***™** Superhydrophobic surfaces have shown
exceptionally low ice adhesion values under low humidity
conditions. The air voids within the superhydrophobic micro-
structure can effectively reduce the pinning of drops to the
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substrate and allow for effective shedding of the water before
freezing occurs.”™"” However, under high humidity conditions,
which are common under extreme icing conditions, ice nuclea-
tion and freezing might still occur. The condensation and water
intrusion into the microstructures cause mechanical interlock-
ing between the ice and the substrate, leading to increased ice
adhesion.'® "' Also, such superhydrophobic coating-based sur-
faces suffer from durability issues, due to mechanical abrasion,
which can be particularly severe due to rain and sand erosion.

The possibility of designing and fabricating metallic icepho-
bic surfaces, which do not rely on short-lasting coatings or
surface treatments, is still an open challenge. Integrating
icephobic bulk features into metallic materials could dramati-
cally improve the industrial application of such low ice adhe-
sion surfaces.

For this reason, a thorough understanding of the ice adhe-
sion mechanism is essential to develop novel, more efficient,
and reliable surfaces. According to the current knowledge,
fracture at the ice-substrate interface can generally be described
in terms of adhesion strength and bonding energy (or, more
precisely, interfacial toughness).””>* A stress-dominated inter-
facial fracture is manifested by an instantaneous rupture along
the entire interface, whereas a toughness-dominated fracture is
characterized by crack propagation along the interface. Recently,
materials with low interfacial toughness showed high ice remov-
ing capability, surpassing the performance of conventional low
strength materials,” >’ demonstrating that effective control of
the fracture mechanism at the interface can potentially lead to
innovative solutions against icing. Therefore, the characteriza-
tion of potential icephobic materials should include the
measurement of both the adhesion strength and the interfacial
toughness, especially in the case of metals.

Among metallic materials, shape memory alloys (SMAs) are
functional materials that can be of interest for icephobicity;
differently from purely structural materials such as aluminum
or steel, they are known for their peculiar mechanical proper-
ties (superelasticity and shape memory effect (SME)*®) that
make them valuable in various industrial applications. For
instance, in the biomedical field, SMAs are widely utilized as
stent materials and orthopedic implants, and in cardiovascular
or neurological surgeries,”*° mostly relying on superelasticity.
In robotics, the SME is exploited for actuators in robotic hands
and wearable devices. Advances over the past two decades have
significantly improved the material design and fabrication
technologies of SMAs. This progress has enabled the develop-
ment of small-scale actuators with complex designs.*' > Addi-
tionally, SMAs are widely employed in the automotive and
aeronautics industries.>**’

The first studies analyzing the ice adhesion properties of
SMAs are starting to emerge. A recent example is the study of
Dubey,*® where a Cu-based SMA was deposited on steel sub-
strates by thermal spray coating to measure its ice adhesion
strength. The author was able to effectively reduce the ice
adhesion strength compared to that of other commercially
available spray coatings. However, even though the coating
exhibited a phase transition around the icing temperature
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(0 °C), the effect of this phase change on ice adhesion was
not directly investigated.

In the context of aircraft de-icing, the SME has been imple-
mented as an active strategy to mechanically modify the outer
wing surface and to induce ice removal by surface bending or
shearing.’>*® In these systems, nickel-titanium (NiTi) SMAs,
commonly known as nitinol, are used as an outer skin to the
wing area, and active actuation of the SMAs along the shear
plane (i.e. straining) induces a shedding of the ice mass.
Therefore, ice is detached from the NiTi skin due to a shear
motion of the ice-substrate interface.

Nonetheless, ice adhesion on NiTi has not yet been system-
atically characterized and hence the intrinsic passive icephobic
potential of NiTi SMAs has been so far overlooked. By under-
standing the passive de-icing capabilities of the material, the
morphological and mechanical properties of NiTi SMAs can be
optimized, ultimately leading to more efficient NiTi-based
de-icing systems. In this study, we present an in-depth char-
acterization of ice adhesion on NiTi alloy substrates and
demonstrate that SMAs inherently display icephobic properties,
facilitating passive surface de-icing.

To this end, critical shear stress and interfacial toughness
were measured on NiTi samples of varying thicknesses, high-
lighting the importance of material thickness and sample stiff-
ness in ice adhesion characterization. Additionally, the effect of
surface roughness on NiTi ice adhesion was examined by com-
paring samples with different mechanical surface treatments. It
should be noted that the NiTi samples used in this study did not
undergo martensitic phase transformation within the tested
temperature range. This selection was deliberate, enabling iso-
lated analysis of how mechanical stiffness (determined by speci-
men thickness) and surface roughness affect ice adhesion.

The results demonstrate that, depending on the substrate
thickness and surface finish, NiTi can achieve ice adhesion
values comparable to those of soft PDMS, a material widely
known for its extremely low ice adhesion. Unlike PDMS, however,
NiTi is a metallic material and provides superior mechanical
durability, making it a promising candidate for the development
of novel de-icing technologies based on shape memory alloys,
possibly also exploiting martensitic phase transitions.

2 Results and discussion
2.1 Comparative ice adhesion study

The ice adhesion properties of various NiTi samples, each with
a thickness of 0.2 mm and different surface morphologies,
were compared in this study (see Section 4.1 for material
specifications).

In this phase, ice adhesion was assessed using the standard
push-off method, which involves measuring the average ice
adhesion strength. This was determined by calculating the ratio
of the force required to detach the ice to the interface area (F/A).
As mentioned in Section 2.3, selected samples were used for a
more in-depth characterization of ice adhesion on NiTi, focus-
ing on the distinction between stress- and toughness-

This journal is © The Royal Society of Chemistry 2026
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(A) Schematic diagram of the sample preparation methods. (B) Ice adhesion results on abraded (Abr.), pressed (Pr.), and electropolished (EP)

samples. For Abr. and Pr., the sandpaper grit size is indicated. Ice adhesion values for aluminum, glass, and PDMS obtained using the exact same ice
adhesion test system (schematic diagram is provided in the inset) and with the same test parameters are reported for comparison.24=4% (C) Elastic
moduli of the raw material used for the preparation of the samples with 0.2 mm and (D) 1 mm thickness, respectively. The moduli have been obtained by
performing uniaxial tensile tests on dog-bone specimens. Each test was repeated 3 times, and first cycle vs. subsequent cycles results are reported.
Standard deviations for the average values of the subsequent cycles are less than 1%. For comparison, the elastic modulus of Al 6061 is 68 GPa, while that

of Ti—6Al-4V is in the range of 104 to 113 GPa.** Inset in (C): Vickers hardness (H\) values of NiTi,*> Ti—-6Al-4V,*® and Al 6061.%”

dominated fracture mechanisms.>**' Additionally, Section 2.4
presents a detailed examination of how surface morphology
affects ice adhesion on NiTi.

The samples were initially subjected to electropolishing, a
process that involved the removal of surface oxides and impu-
rities resulting from the fabrication procedure. Various rough-
ness features, with R, in the range of 0.40-3.39 um, were then
created using SiC polishing paper by pressing (samples Pr. P60
and P600) or abrading (samples Abr. P60, P600, and P1200),
where P60, P600, and P1200 indicate the granulometric size of
the paper used (Fig. 1A).

Afterwards, samples with different roughness features and
morphologies were tested for their ice adhesion (measured as
force over area, F/A, see the inset of Fig. 1B) according to the
protocol defined in Section 4.4 (Fig. 1B, blue). For comparison,
the ice adhesion values for aluminum, glass, and polydimethyl-
siloxane (PDMS) obtained using the exact same test system and
with the same testing parameters are reported as well. Since
these reference data have been previously published in earlier
studies,""*'™** they are visually distinguished and displayed in
red in Fig. 1B.

A remarkable result is the low ice adhesion value of only
118 + 22 kPa observed for the electropolished (EP) sample. To

This journal is © The Royal Society of Chemistry 2026

put this into perspective, the same ice adhesion test system
with the same test protocol was also used to test the adhesion
of ice to soft polymers, specifically PDMS, and the results are
reported in the work of Ospina et al.*® In their study, it was
shown that for the same ice column shape (8 mm diameter),
the ice adhesion values on PDMS vary between 70 and 140 kPa,
depending on the degree of lubrication of the polymer. PDMS is
generally known to be a promising low ice adhesion material,
and several references are available highlighting its remarkable
performance against icing.'"*57>°

PDMS exhibits low ice adhesion due to the elastic modulus
mismatch between PDMS and ice, where PDMS undergoes
deformation under applied loads, thereby promoting ice
release. The modulus mismatch promotes ice removal when
substrates possess lower moduli than that of ice. Also, lubrica-
tion by uncrosslinked chains can play an important role.** Note
that the reverse scenario, due to high-modulus materials, does
not necessarily yield the same beneficial effect, as demon-
strated by the elevated adhesion commonly seen with high-
modulus metals like steel or titanium.

The ice adhesion value obtained for the EP NiTi sample was
in the same range as that obtained for PDMS, even though the
elastic modulus of NiTi is about 4 orders of magnitude higher

Mater. Horiz., 2026, 13,1973-1983 | 1975
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than that of PDMS and about 3 to 5 times higher than that of
glaze ice. Being a metallic material, NiTi naturally exhibits
better mechanical durability*>®! (see also inset of Fig. 1C)
and opens up the way for novel coating-free technologies
against ice adhesion based on NiTi SMA.

A potential explanation for such low force-to-area (F/A)
values could be the occurrence of different fracture mechan-
isms, specifically stress- or toughness-dominated fractures.
Previous studies have demonstrated that buckling of metallic
plates can significantly reduce the adhesion of ice on thin
metallic substrates.>® However, a comprehensive investigation
into the effect of substrate thickness on adhesion strength and
interfacial toughness is yet to be conducted. In Section 2.3, the
effects of substrate thickness on the transition between fracture
mechanisms are analyzed.

2.2 Measurement of the elastic modulus of the NiTi samples

The effect of substrate thickness on the interfacial fracture
mechanism was studied on two NiTi samples with thicknesses
of 0.2 mm and 1 mm. Both substrates were superficially
abraded using 1200 grit SiC polishing paper, as this surface
treatment resulted in the lowest surface roughness. The surface
roughness values are R, = 0.40 + 0.15 um and R, = 0.48 £+ 0.03
um, respectively (see Section S1 in the SI for the full roughness
characterization using an optical 3D profilometer). Thus, given
the similar roughness values, it was possible to isolate the effect
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of substrate thickness on ice adhesion. To verify that both
substrates interact similarly with water, the quasi-static water
contact angle was measured. Both the advancing contact angle
(98° £ 1° vs. 103° + 1°) and the receding contact angle (51° £ 3°
and 63° £+ 4° for 0.2 mm and 1 mm thicknesses, respectively)
were comparable (see Section S2 in the SI).

The elastic modulus of NiTi is known to change with
temperature and metal-working processes.** The rolling pro-
cess used to achieve different material thicknesses, such as
0.2 mm and 1 mm, typically introduces varying degrees of cold
deformation. Therefore, the elastic moduli of the NiTi alloys
used in this study were determined through tensile tests
conducted at different temperatures. The results are presented
in Fig. 1C and D (see also Section S3 in the SI for stress-strain
graphs).

Unlike common structural metals such as aluminum or
titanium, it can be noticed that the elastic modulus of the NiTi
substrates was generally lower at lower temperatures, particu-
larly during the first testing cycles. For instance, at —20 °C and
for the sample with a thickness of 0.2 mm, the elastic modulus
was below 15 GPa, which is approximately one order of magni-
tude lower than that of the Ti-6Al-4V titanium alloy.”® It is
worth noting that the Vickers hardness (Hy) of NiTi*’ is
practically identical to that of the titanium alloy*® (see the inset
of Fig. 1C), suggesting exceptional durability despite lower
elastic modulus.
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(A) High speed visualization of a stress-dominated, instantaneous detachment of ice without any visible crack propagation. The background

subtraction highlights the entire interface, and the whole detachment process takes less than 0.17 ms. (B) Toughness-dominated detachment with clearly
visible crack propagation. In this case, the whole detachment process takes approximately 2.8 ms. (C) Side view and top view schematic diagrams of the
experimental ice adhesion measurement setup. (D) Numerically derived shear strength and toughness values of the NiTi samples with thicknesses of 0.2
and 1 mm, respectively. The values have been determined by using the SSIFs and TPs, after measuring experimentally the force required to detach the ice
in a stress- or toughness-dominated mode.
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2.3 Fracture mechanism analysis

Interfacial fractures can occur instantaneously (stress-dominated)
or gradually (toughness-dominated) (see Fig. 2A and B). In the case
of instantaneous detachment, the process is governed by critical
stress, ie., the minimum stress value along the ice-substrate
interface. Conversely, gradual detachment is controlled by inter-
facial toughness, defined as the critical strain energy release rate
at the interface.?”*® The complete theoretical framework used to
describe and characterize the interface fracture events follows the
theories proposed by Martin et al. and Leguillon®*** and is
proposed in Section S4 in the SL

Traditional methods of ice adhesion characterization do not
differentiate between these fracture mechanisms. Typically, the
adhesion strength is calculated as the force-to-area ratio (F/A),
regardless of the mechanism involved. However, in this work,
both interfacial ice adhesion strength and toughness were
measured using the testing framework developed by Stendardo
et al*'>*

The ice adhesion tests were carried out using the horizontal
shear test device introduced in previous studies'™*"*** (see
schematic diagrams in Fig. 2C and details in Section 4.4) and by
strategically changing the ice block shape to trigger either of
the fracture mechanisms (stress- or toughness-dominated). For
both cases, the force required to detach the ice block was
measured experimentally. Then, the critical stress (t.) and
toughness (I') values were calculated with the help of numeri-
cally derived correction factors.*’>* These correction factors
take the geometry of the test system (the force application
height and the shape of the ice block) and the force required
to detach the ice as inputs and give 1. and I" as outputs. The
experiments were performed in a series, with variations in the
test system geometry to alternately trigger stress- or toughness-
dominated fracture mechanisms.

Recalling an earlier study,>* the two correction factors for ..
and I', the shear stress intensity factor (SSIF) and the toughness
parameter (TP) respectively, are defined as shown in eqn (1)
and (2).

SSIF — FT/—A (1)
C
rp’
TP = ?Eice (2)

The left-hand sides of eqn (1) and (2) are numerical con-
stants, specific to the ice adhesion test system geometry. The
right-hand sides comprise the variables to be calculated
numerically (z. and I') and other variables that are known
experimentally, such as the ice removal force F, the ice-sub-
strate interface area A, the ice block diameter D, and the elastic
modulus of the ice sample Ej... Further details on the numer-
ical model used to obtain these correction factors can be found
in Section 4.5.

For the horizontal push test used in this study and for
cylindrical ice samples, the SSIFs and TPs were previously
calculated in the study of Stendardo et al>* for a substrate

This journal is © The Royal Society of Chemistry 2026
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elastic modulus above 35 GPa. Based on the tensile test results
shown in Fig. 1C (at —10 °C), the 1 mm samples exhibited an
elastic modulus greater than 35 GPa, so the correction factors
calculated in ref. 54 were directly used. Differently, the 0.2 mm
samples showed an elastic modulus below 35 GPa, so new
correction factors for stress- and toughness-dominated ice
detachment were calculated by numerical modeling. The elastic
modulus and thickness of the materials were adopted in the
numerical model described in Section 4.5, and simulations
were performed for the 0.2 mm substrates to find new SSIF
and TP.

The adopted SSIFs and TPs used for the calculation of the
true critical shear stress and toughness of the substrates are
summarized in Table 1.

After determining the SSIFs and the TPs for the different test
system geometries, the force required to detach the ice was
measured experimentally for each sample and for each fracture
mechanism (see SI Section S5). The so resulting true shear
strength and toughness are reported in Fig. 2D. It can be seen
that the difference between shear strengths (323 kPa vs. 585
kPa) was less pronounced than the difference between the
toughness values (0.09 ] m~> vs. 0.97 ] m™?). Therefore, the
thickness of the substrate has a major influence on the tough-
ness of the interface, with low substrate thicknesses favoring
toughness-dominated detachments.

Adhesion and fracture mechanisms between two solid
bodies at an interface depend on the entire system, not solely
the interface properties. Thinner metallic plates, on which the
ice is grown, are more prone to bending under load. Although
this bending does not alter the interface, it concentrates the
elastic strain energy at the interface, weakening the interface
bond. This process results in crack-opening displacements that
facilitate ice detachment, even under low loads. Consequently,
the interface toughness, or resistance to crack propagation, is
significantly reduced. Specifically, decreasing the substrate
thickness from 1 mm to 0.2 mm reduces the toughness by
approximately an order of magnitude.

The reduction in toughness with decreasing thickness of the
metallic plates is a general substrate mechanical effect that is
not exclusive to NiTi. However, the extent of this effect is larger
on NiTi substrates - especially at low temperatures typical of
de-icing applications - compared to other high-modulus
metals, such as aluminum or titanium.

Table 1 Geometrical parameters and correction factors (SSIF and TP)
used for the calculation of the true critical shear stress and toughness of
the NiTi substrates of 0.2 and 1 mm thickness, respectively

Diameter Ice height Pushing height
[mm)] H [mm] h [mm] SSIF TP
NiTi (0.2 mm thickness)

8 6 1 1.9 —
12 3 1 — 2.2
NiTi (1 mm thickness)

8 6 1 2.1 —
12 1.5 1 — 3.5

Mater. Horiz., 2026, 13,1973-1983 | 1977
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To demonstrate this, additional ice adhesion tests were
performed on aluminum and titanium substrates with thick-
nesses of 0.2 mm and 1 mm. The substrates were polished
superficially using grit-1200 SiC paper to achieve a similar
surface roughness to the NiTi substrates. Fig. 3A and B present
the toughness values for the 0.2 mm and 1 mm samples,
respectively.

The toughness values on the 1 mm samples are in the range
of 0.5-1 ] m ™2, which is commonly reported in the literature for
both aluminum and titanium substrates.”> >’ Generally, the
standard deviations of these measurements are also high,
reaching values of up to 50% of the mean. In our experiments
with 1 mm substrates, NiTi exhibited the highest toughness,
followed by aluminum and titanium.

Moving to the 0.2 mm substrates, data show that all three
samples exhibit reduced toughness compared to their 1 mm
counterparts due to the aforementioned mechanical effect.
However, the NiTi sample exhibits the most significant
reduction in toughness. This can be explained by the fact that
structural metals, such as aluminum or titanium, typically have
a constant or slightly increasing elastic modulus at lower
temperatures. In contrast, NiTi shows a reduction in elastic
modulus at lower temperatures. These unique mechanical
properties may enhance bending under load at low tempera-
tures, facilitating ice detachment from thin sheet systems.

In this study, the effects of the elastic modulus and substrate
thickness were analyzed using substrates that did not undergo
martensitic phase transitions at the testing temperatures.
Therefore, even without the heat effect associated with marten-
sitic transformations, using NiTi substrates for low-toughness
surfaces offers a significant advantage due to their mechanical
properties at low temperatures. Future research will build on
this preliminary analysis to further investigate the de-icing
potential of SMAs that undergo phase transformation.

The results reported above highlight the importance of
distinguishing between fracture regimes for accurate under-
standing and replication of ice adhesion results. This differ-
entiation is crucial for the design of icephobic coatings and
materials.
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(A) 0.2 mm and (B) 1 mm.
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2.4 Roughness effects on NiTi ice adhesion

The roughness of the samples tested in Section 2.1 was eval-
uated using a 3D optical profilometer (“R, 3D” and ‘S, 3D”)
and a 2D stylus profilometer (“R, 2D”) (see Fig. 4A and B and
Section 4.2 for specifications and details). Fig. 4A and B display
the correlation between such values. Static water contact angles
(Fig. 4C) and ice adhesion (Fig. 4D) were measured on all the
samples and plotted against R, 2D. Additionally, 3D optical
microscope images and extended roughness profiles of all the
samples used in this section are provided in Section S1 of
the SI.

The results from both profilometers indicate that the
observed morphological differences are at least partially cap-
tured by the two roughness measurement methods. Similar
trends in relative sample roughness are evident, with Pr. P60
and Abr. P60 exhibiting a higher roughness compared to Abr.
P600, Abr. P1200, and EP. However, relying on a single
measurement method can be misleading for characterizing
surface roughness. For instance, the mean roughness of the
Pr. P600 sample was similar to that of the Abr. P60 sample
when measured using a 2D stylus profilometer (1.25 4 0.20 pm
and 1.21 £+ 0.18 um, respectively). Yet, the same Pr. P600
sample exhibited a threefold lower average roughness when
measured using a 3D optical profilometer (Fig. 4A and B). To
show the qualitative difference in the distribution of asperities
and valleys between the Pr. P600 and Abr. P60 surfaces, and for
better interpretation of the roughness measurements, SEM
images are provided in Fig. 4E and F (additional SEM images
of all the samples are provided in Section S7 of the SI).

Fig. 4D shows how the ice adhesion strength cannot be
directly correlated simply with the average roughness values.
While it is generally accepted that increased surface roughness
can result in increased mechanical interlocking of the ice,
leading to higher ice adhesion strengths, a direct correlation
between these values remains elusive.”*>%%°

The average roughness of the Pr. P600 sample and that of
the Abr. P60 sample measured using a 2D stylus profilometer
were practically identical (1.25 £+ 0.20 um and 1.21 + 0.18 pum,
respectively), as discussed previously. However, the ice adhe-
sion value of the Abr. P60 sample is still 2.5 times lower than
that of the Pr. P600 sample.

Comparing the samples Abr. P600 and Pr. P60, the ice
adhesion values were 177 + 17 kPa and 296 + 15 KkPa,
respectively. The R, 2D roughness value, however, differs by a
factor of 7.0 with values of 0.48 4+ 0.12 um and 3.39 + 0.66 um,
respectively.

Our data demonstrate a lack of one-to-one correlation
between ice adhesion value and any of the considered rough-
ness parameters (see the SI, Section S6). This example also
shows that mechanical interlocking effects cannot be described
only by an average roughness value. Indeed, it was previously
shown by Vercillo et al.®° that the influence of the spatial period
and specific shape of the microstructure can have an effect on
ice adhesion (see also Fig. 4E and F). It can be hypothesized
that the size and the distribution of the surface features

This journal is © The Royal Society of Chemistry 2026
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(A) Average roughness values (R,) obtained using a 3D optical profilometer on a line profile and using a 2D stylus profilometer. (B) Average surface

roughness values (S, 3D) against average profile roughness values (R, 2D) obtained using 3D optical and 2D stylus profilometers, respectively. (C) Contact
angle versus R, 2D values. (D) Ice adhesion (F/A) versus R, 2D values. The SEM images of (E) the “Pr. P600" sample and (F) the “Abr. P60" sample.

influence the stress distribution and, therefore, the crack
propagation behavior at the ice-substrate interface. Small-
scale surface features increase ice adhesion due to a substantial
increase in the effective surface area, resulting in effective
interlocking of the ice at the interface.®’ Conversely, larger
surface features, while not increasing the effective surface area
to the same extent, can act as stress concentration points,
introducing interface discontinuities that act as crack initiation
sites, therefore reducing the resulting ice adhesion.'"*>%3

A clear example of this behavior can be observed in the Pr.
P60 and Pr. P600 samples (see Section S7 of the SI for SEM
images). Pr. P60 exhibited a lower ice adhesion than Pr. P600,
with values of 262 + 25 kPa and 750 £+ 155 kPa, respectively.
The distance between the surface features for these samples
was 340 + 90 um for Pr. P60 and 28 + 7 pum for Pr. P600.

This journal is © The Royal Society of Chemistry 2026

Similarly, the feature sizes were 219 £+ 38 um for Pr. P60 and
19 + 4 pm for Pr. P600 (see the SI, Section S8). Larger features
with greater spatial periods resulted in lower ice adhesion
compared to smaller features with smaller spatial periods.

3 Conclusions

Nickel-titanium (NiTi) was evaluated for its ice adhesion prop-
erties, revealing its potential as a novel coatingless icephobic
material. We found that, depending on the surface finish and
substrate thickness, NiTi can achieve ice adhesion values
comparable to those of soft PDMS, which is renowned for its
extremely low ice adhesion. As a metallic material, NiTi offers
superior mechanical durability, paving the way for novel de-
icing technologies based on NiTi SMAs.
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Also, decreasing the substrate thickness from 1 mm to
0.2 mm leads to a reduction of the shear strength by approxi-
mately a factor of 2 and a decrease in interfacial toughness by
more than one order of magnitude. This finding highlights that
adhesion and fracture mechanisms are influenced by the entire
system, not just the interface properties. Thinner metallic
plates are more prone to bending under applied loads, conse-
quently reducing the toughness of the interface, even when the
surface roughness remains constant.

The low ice adhesion properties of the materials presented
in this study are not achieved through an ultra-low elastic
modulus, such as that of PDMS, nor through micro-/nanos-
tructuring of the surface, as with superhydrophobic surfaces.
Differently, it is achieved by controlling the ice-substrate
fracture mechanisms and optimizing the substrate thickness.
Further analysis on thin metallic plates for de-icing applica-
tions could enable the design of effective and durable materi-
als, defining a new class of icephobic surfaces.

The study confirmed that an increased surface roughness
can lead to increased mechanical interlocking of ice, resulting
in higher ice adhesion strength. However, no direct correlation
was found between ice adhesion strength and any of the
roughness parameters. This result suggests that mechanical
interlocking effects cannot be described only by average rough-
ness values but are likely influenced by the spatial period and
specific shape of the microstructure.

The NiTi samples employed in this study did not exhibit
martensitic phase transitions in the temperature range corres-
ponding to icing conditions. This choice was made to indepen-
dently investigate the effects of mechanical stiffness (determined
by sample thickness) and roughness on ice adhesion. Future
research could involve SMAs with martensitic phase transition
within the temperature range of the ice adhesion tests to analyze
the impact of these transitions on ice adhesion properties.

4 Materials and methods
4.1 Material specifications

NiTi superelastic lab grade plates with a nominal composition
of Ni-50.8%/Ti-49.2% were used to prepare the samples used in
this study. The samples are coatingless, i.e., they are self-
standing samples entirely composed of NiTi. The composition
used exhibits superelastic behavior and possesses martensitic
phase transformation temperatures below ambient tempera-
tures. The materials used to prepare the 0.2 mm thickness and
1 mm thickness samples were characterized by DSC analysis
(TA Instruments DCS C100), provided in Section S9 of the SI.
The DSC characterization revealed differences in the trans-
formation curves between the two sample thicknesses. While
the thickness itself does not directly influence the position and
shape of the transformation peaks, the different cold-working
procedures required to obtain samples of different thicknesses
resulted in varying levels of constraints for the martensitic
transformation. It is important to notice, however, that for
both the 1 mm and 0.2 mm samples, no transformation peaks
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were observed in the temperature range where the ice adhesion
tests were performed (—10 to —15 °C). The martensitic phase
change has therefore no effect on the thermodynamic proper-
ties of the samples.

4.2 Roughness measurements

A 2D stylus profilometer (Mitutoyo®™ Surftest SV-500 with a tip
radius of 2.5 pm) was used to measure the average R, values on
a profile length of 12.5 mm. At least three measurements were
performed on each sample.

The 3D optical roughness measurements were carried out
using a Keyence VHX-X1 digital optical microscope. The lenses
used were VHX-E20 and VHX-E100. The average R, values were
calculated on a profile length of 3 mm, while the S, values were
calculated over an area of 3 mm x 3 mm.

4.3 Contact angle measurements

The wettability of the surfaces was characterized via static and
quasi-static contact angle measurements by the sessile drop
method using an in-house instrument. Water droplets up to 8
pL volume were deposited gently and vertically under atmo-
spheric conditions at room temperature in all measurements.
Contact angle measurements were conducted using both the
free software Image] (https://imagej.net) and the open-source

software tool “Dropen”.®*

4.4 Ice adhesion measurements

The adhesion of ice to the different NiTi substrates was
assessed using a custom horizontal shear test, detailed in ref.
11 and 41. This method involves placing a hollow cylinder
(nylon, PA.6) with 8 mm or 12 mm internal diameter over the
sample and filling it with distilled water. The height of the
water column varied depending on the fracture mechanism
that was to be triggered (see Table 1). The sample was then
cooled to —10 °C using a Peltier plate beneath the sample
holder, while maintaining relative humidity below 2%. The
cooling system was housed within an environmental chamber,
which was supplied with a continuous flow of nitrogen gas
(ambient temperature T,m,, = 20 °C). Once the water was
completely frozen (the conditioning time was kept between 15
and 20 minutes), a commercial force sensor (Mark-10, Force
Gauge M5-20) was used to apply pressure to the cylinder with a
metallic tip at a height of 1 mm from the surface, moving at
0.01 mm s " until the ice fully detached.

4.5 Numerical simulation methods

Finite element analysis (FEA) in Ansys Mechanical 2022 R1 was
used to calculate interface stresses and strain energy in the ice
adhesion test setup. The numerical model employed in this
study was similar to the one used in ref. 54 and it replicated the
key components of the ice adhesion test, which included the ice
column, nylon mold, and NiTi substrate. The model geometry
matched the experimental setup and the force was modeled as
a distributed pressure over a 1 x 1 mm? area on the outside of
the mold, corresponding to the contact area with the force
probe in the experimental setup. The contact conditions

This journal is © The Royal Society of Chemistry 2026
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between ice and the substrate were set to “bonded’”, while a
frictionless condition was used between the mold and sub-
strate. Therefore, the model neglected any friction between the
mold and substrate.

For stress analysis, the ice-substrate interface was assumed
intact, and the experimentally measured ice detachment force
was applied as an input to the model. In this way, the static
stress distribution at the interface was obtained as an output. A
custom APDL script extracted nodal stress values for a detailed
analysis. For toughness calculations, a crack was introduced at
the ice-substrate interface and incrementally advanced to
simulate detachment, while simultaneously applying the
experimentally measured force during crack propagation. The
ice block was split into bonded and detached regions, with
crack propagation modeled along a straight line perpendicular
to the loading direction. Additional details on the interfacial
toughness calculation method and mesh independence of the
model can be found in the SI of ref. 54.

4.6 Stress and toughness correction factors

The framework introduced in ref. 41 and 54 employed a
numerical model to derive the correction factors for the stress-
and toughness-dominated interfacial fractures. Specifically, for
stress-dominated fractures, a correction factor was used to
account for stress concentrations at the interface and estimate
the critical stress value, 1., which differed from the average
shear stress (7,yve = F/A). Depending on the test system geometry,
stress variations up to one order of magnitude could occur at
the interface, which typically leads to an overestimation of t, as
previously shown in ref. 54.

In the case of toughness-dominated fractures, the direct
measurement of the interfacial toughness using a mechanical
push test can be challenging due to the influence of various
factors, including the test system geometry and the elastic
modulus of the ice. For this reason, correction factors were
used to determine the toughness from the force required to
propagate an interfacial crack and detach the ice.
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