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ABSTRACT

Hypothesis: Ice accretion on component surfaces often causes severe impacts or accidents. Liquid-infused
surfaces (LIS) have drawn much attention as icephobic materials for ice mitigation in recent years due to
their outstanding icephobicity. However, the durability of LIS constructions remains a big challenge,
including mechanical vulnerability and rapid depletion of lubricants. The practical applications of LIS
materials are significantly restrained, and the full potential of LIS for ice prevention has yet to be demon-
strated.

Experiments: A universal approach was proposed to introduce microporous metallic scaffolds in the LIS
construction to increase the applicability and durability, and to prompt the potential of LIS for ice miti-
gation. Microporous Ni scaffolds were chosen to integrate with polydimethylsiloxane modified by sili-
cone oil addition.

Findings: The new LIS construction demonstrated significantly improved durability in icing/de-icing
cyclic test, and it also offered a solution for the rapid oil depletion by restraining the deformation of
the matrix material. Low ice adhesion strength could be maintained via a micro-crack initiation mecha-
nism. The results indicated that the multi-phase LIS construction consisting of microporous Ni scaffolds
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effectively addressed the shackles of the icephobicity deterioration of LIS materials, confirming a new
design strategy for the R&D of icephobic surfaces.
© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The adverse icing phenomena such as formation, accretion, and
adhesion of ice, snow, or their mixtures could pose serious socio-
economic impacts to industries and normal lives and may even,
in some cases, lead to severe failures [1,2]. The use of anti-icing
surfaces is one of the approaches to effectively alleviate the icing
hazards in engineering applications [3-5]. Various icephobic struc-
tures have been developed [6,7], which could mainly be cate-
gorised into three strategies: 1) To achieve icephobicity by
employing superhydrophobic surface [8,9]. The anti-icing perfor-
mance could be achieved and strengthened with formed air cush-
ions between the micro-nano structures of superhydrophobic
surface, which could help with quick slip-away/rebound of the
supercooled droplets when they are in contact with the solid sur-
face, thus achieving anti-icing effect. 2) To lower the ice adhesion
strength through polymeric elastomer coatings [10,11]. The syner-
gistic effect between the elastomer surfaces with low surface
energy decreases the ice adhesion strength, leading to an easy
detachment of the accreted ice. 3) To minimise the adhesion
strength with slippery liquid-infused porous surfaces (SLIPS)
[12,13]. The infused liquid inside the surface micro-cavities could
seep out under the control of capillary effect, forming an intact
and complete layer coverage and decreasing the ice adhesion
strength.

Among these methods, the additions of oil/lubricant in SLIPS
have demonstrated great capability of gaining surface icephobicity.
Nevertheless, the fast depletion of oil/lubricant from the SLIPS is a
great challenge, so the icephobic performance could rapidly deteri-
orate with the oil depletion. To mitigate this issue, liquid-infused
surfaces (LIS) with self-replenishment functions have been pre-
pared for anti-icing and de-icing applications [14,15]. LIS takes
the advantage of polymer network to distribute incorporated oil
uniformly and to provide a continuous oil supply to the surface.
However, the limited mechanical durability of LIS polymer cannot
meet the demand for long-term practical applications in ice protec-
tion. Wang et al prepared an anti-icing coating using polymers
with hydrophilic pendant groups, which could form an aqueous
lubricating layer on the as-prepared surfaces [16]. However, the
long-term service of LIS could inevitably be limited by the liquidus
and soft nature of the infused lubricants, and fast degradation of
performance still occurs due to uncontrolled depletion of the lubri-
cants. The icing/de-icing cycles could also result in the loss of the
lubricant and even a complete exhaustion [17,18]. After the
exhaustion of the infused liquid, the surface rough structure
designed for the prevention of the lubricant wrapping effect would
undesirably increase the difficulty of de-icing aspect. Currently, LIS
constructions are mainly composed of polymeric materials due to
their capability of liquid incorporation and distribution, mostly
via the expansion of chain networks. However, the oil infusion into
the polymer network would significantly weaken the mechanical
properties. The decreased mechanical properties, in turn, will also
affect the oil maintenance and release under external forces
[19,20]. For instance, polydimethylsiloxane (PDMS) with silicone
oil addition possesses outstanding icephobic performance, but its
surface is easy to be damaged after the excessive oil addition [21].

Overall, the full potential of LIS for ice prevention has yet to be
demonstrated, especially for long-term services. There is still lack
of effective solutions to mitigate the limited mechanical durability
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and rapid oil depletion of LIS structures. To meet the requirements
of simultaneous icephobicity and durability for icephobic applica-
tion, a universal approach is proposed in the present work to intro-
duce microporous metallic scaffolds in the LIS construction. The
integration of microporous metallic scaffolds could practically
offer a mechanical solution and unfold the potential of LIS. In addi-
tion, the difference in elastic modulus between the metallic scaf-
folds and LIS polymer could lead to different distortions locally
which could induce the initiation of micro-cracks at the ice/solid
interface under external loads. With the microporous scaffolds,
the oil depletion from the LIS construction is also expected to be
largely reduced, contributing to the mechanical enhancement.
Detailed analysis on sample icephobicity had been carried out from
three different aspects including the formation, growth and
removal of ice on sample surfaces, which also demonstrated the
effectiveness of the new LIS construction.

2. Experimental
2.1. Materials

Microporous nickel (Ni) scaffolds were purchased from TMAX
Battery Equipment Ltd (Xiamen, China), with a thickness of
0.3 mm and a porosity of around 85-90%. PDMS Sylgard 184 was
purchased from Dow Corning Ltd (California, USA). Silicone oil
was supplied by Merck Life Science UK Ltd (Gillingham, UK). Alu-
minium sheets (Aluminium 2024, Smith Metal Centres Ltd, Big-
gleswade, UK) with thickness of 0.3 mm were selected as the
reference substrates. Laboratory-grade II+ deionised water with a
resistivity of 18.2 MQecm was utilized for the ice block prepara-
tion. The testing liquids for surface energy determination included
formamide (analytical reagent) and methylene iodide (analytical
reagent) were acquired from Fisher Scientific (Loughborough, UK).

2.2. Sample preparation

The Ni scaffolds and Al sheet were both cut into
50 mm x 20 mm rectangular plates. The plates were first cleaned
in an ultrasonic bath with deionized water for 10 min. PDMS Syl-
gard 184 consisted of a resin (Part A) and a curing agent (Part B).
In the first set of experiments, the two parts were mixed together
with a weight ratio of 10:1 (A: B) using magnetic stirring to ensure
the solution uniformity. Then different amounts of silicone oil (0,
10, 20, 30, 40, 50 wt% with respect to the total solution) were
added into the precursor solutions (PDMS-S0O), respectively. The
solutions were then degassed inside a vacuum oven at room tem-
perature for a duration of 30 min to remove air bubbles. Tab. S1
listed the weight percentages of the added silicone oil in PDMS
after curing.

For Ni scaffolds impregnated with PDMS-Silicone oil (Ni/PDMS-
SO), the Ni scaffolds were firstly immersed in the prepared PDMS-
SO solutions under vacuum (vacuum level: 0.1 bar) for 30 min, to
release the air among the microporous structures. The products
were then conducted with post-baking treatment in a vacuum
oven at 65 °C for 2 h. The vacuum atmosphere could help to
remove gases generated during the curing process effectively.
The Ni/PDMS-SO samples could be obtained after cooling down.
Additional PDMS-SO mixture solutions were applied onto the
pre-prepared samples again by a spin coater (KW-4A, Chemat
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Group, Northridge, CA, USA) to regulate the surface morphology.
For reference samples, the PDMS mixture solution was applied
onto Al plates using the spinning coater at a speed of 1000 rpm
for 90 s. Same curing treatments were carried out after the spin-
ning process.

Several types of samples were prepared and studied in this
work: the sample prepared with Ni scaffolds and pure PDMS filling
without silicone oil was named as Ni-PDMS; PDMS with 10, 20, 30,
40, and 50 wt% silicone oil addition were abbreviated as 10SO,
2050, 30S0, 40S0 and 50S0, respectively. Ni scaffolds/PDMS sam-
ples with 10, 20, 30, 40, 50 wt% silicone oil addition were desig-
nated as NP-10SO, NP-20SO, NP-30SO, NP-40SO and NP-50SO,
respectively. For the reference samples, Al alloy substrate was
named as Al, while Al substrate/PDMS samples with 10, 20, 30,
40 and 50 wt¥% silicone oil addition were defined as Al-PDMS, Al-
10S0, Al-20S0, Al-30S0, Al-40SO and Al-50S0, respectively.

2.3. Surface characterisation and mechanical tests

Surface morphologies of the as-prepared samples were investi-
gated by an optical microscope (ECLIPSE LV100ND, Nikon) and a
scanning electron microscopy (JSM-6490LV, JEOL). Shore hardness
tests were conducted with a SAUTER durometer attached with
SAUTER test stands TI-AO and TI-D for Shore hardness A and D
scales, respectively. The shore hardness A scale was used in this
work. 3D surface topography and surface roughness of the samples
were measured using a non-contact optical profiler (Zeta-20, KLA-
Tencor). For every sample, 10 separate measurements were carried
out to calculate the average penetration (Shore) value and min-
imise the testing error.

Tensile test was carried out using an Instron 5969 Dual Column
Tabletop Universal Testing Systems (Instron, High Wycombe, UK)
with utilised clamps (Instron 2710-101). The cross-sections of all
tested samples were 20 mm x 0.3 mm. The length of the gauge
was 6 mm. The applied motion rate was 1.0 mm/min.

2.4. Evaluation of wettability and icephobicity

Water contact angle of the surfaces was measured by a contact
angle goniometer (FTA200, First Ten Angstroms, Inc) at room tem-
perature. The static water contact angle was measured with a fixed
droplet volume of 5 pL and the pumping out rate was stabilized at
1 pL/s.

Owens-Wendt method was applied to evaluate the surface free
energy of the sample surfaces [22]. Three testing liquids included
distilled water, formamide and methylene iodide were utilised to
determine the surface energy. All of the measurements were con-
ducted under atmospheric conditions at the temperature of 20 °C
and the pressure of 1 bar.

Droplet icing tests were performed by observing the icing pro-
cess of supercooled water droplets on the sample surface in a cold
chamber at —20 °C. The volume of the droplet was kept at 4 pL and
five different spots on each sample were chosen for comparison.
The icing process was recorded to determine the icing behaviours
and durations.

Ice growth on the sample surface was investigated by an envi-
ronmental scanning electron microscopy (Quanta 650 FEG-ESEM,
FEI). Water condensation, ice formation and growth were studied
under the condition: —10 ~ —2 °C, relative humidity: 90-100%,
and pressure: 380 ~ 700 Pa. The ice growth rate was calculated
from equation (1) [23]:

v="=

- (1)

where L is the ice growth length (ice growth direction) (um), t is the
time (s), and v is the ice growth rate (Lm/s).
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ANSYS software was selected to conduct the comparative 2D
plane strain simulation under shear force and gravity on PDMS
and Ni-PDMS samples. A combined force including the gravity
could be resolved into vertical uniform surface pressure and hori-
zontal shear. An identical force was applied to the two samples.

Ice adhesion strengths were measured using a horizontal shear
test system with a pre-prepared ice block (volume: 1.31 mlL)
attached to the sample surface in an environmental chamber with
temperature of —20 °C. For the ice block preparation, a silicone
mould was fully filled with 1.31 mL deionised water using pipettor
and carefully covered onto the sample surface. Then the samples
were kept inside the cold chamber at —20 °C for 3 h, to produce
glaze ice block on the samples. The iced area between the mould
and the sample was 1.38 cm?. The shear test system mainly con-
sisted of a force probe (with diameter of 5 mm), a motion con-
troller, and an ice block attached on tested samples. The
schematic set up was shown in Fig. S1. The force probe was used
to propel the ice/[sample with a velocity of 0.1 mm/min during
the test.

With the increase of the shear force, the glaze ice block would
overcome the bonding strength and finally detach from the sample
surface. The applied force was monitored from the probe, and the
ice adhesion strength could be determined using equation (2) [24]:

T=7

- @)

where T represents the shear strength (Pa), F refers to the applied
force (N), and A is the contact area of the ice block on the sample
(m?). Five samples were measured to ensure the data confidence.

Besides, icing/ice detachment cyclic tests were conducted on
the samples for 50 times with 3-hour re-freezing intervals. The
ice adhesion strength and mass change versus the cyclic tests were
also recorded.

3. Results and discussion
3.1. Surface morphologies of NP-SO samples

With the increasing addition of silicone oil, no obvious change
occurred on the sample surface, which exhibited smooth and flat
throughout the whole modification process, as indicated in
Fig. S2 (a) and (b). It could be observed that the surface of the Ni
scaffolds was completely covered by the infused PDMS (Fig. 1 (a)
and (b)). Fig. 1 (c) and (e) provide the SEM images of the cross-
sectional areas of PDMS and NP-40S0, as well as the backscattered
electron (BSE) analysis (Fig. 1 (d) and (f)). It was found that the area
with light color in BSE images were Ni scaffolds, while the areas
with dark color were PDMS. With the increasing oil addition, no
obvious change was observed on the sample surfaces, which indi-
cated good compatibility between the Ni scaffolds and the PDMS
fillings.

The hardness of as-prepared samples with different oil addi-
tions were shown in Fig. 2. The representative values of shore
hardness were related to the elastic modulus measured by other
methods [25]. In comparison, the pure PDMS exhibited a hardness
of 37.6 + 1.1 (Shore A hardness). While for samples with silicone oil
additions, the hardness (Shore A hardness) of NP-10SO, NP-20SO0,
NP-30SO and NP-40SO were about 33.4 + 2.1, 299 + 1.2,
24.5 + 1.2 and 19.8 * 0.7, respectively. The measured shore hard-
ness showed a steady decreasing trend with increasing silicone
oil, which indicated the softening effect of silicone oil infusion.
The hardness finally decreased to only 17.1 + 0.6 (Shore A hard-
ness) for NP-50SO. The reason here could be ascribed to the
increased gaps among the macromolecular chains [26], leading to
the decrease in cross-link density.
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Ni-PDMS with silicone oil addition

Ni-PDMS

Fig. 1. (a) and (b) Optical microscope images (top view) of Ni-PDMS and NP-40SO0; (c) and (e) SEM cross-sectional images of Ni-PDMS and NP-40S0; (d) and (f) BSE images of

the cross-sectional areas of Ni-PDMS and NP-40SO.
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Fig. 2. Shore hardness results of PDMS, 10S0, 20S0, 30S0, 40SO and 50SO samples.

Mechanical performance of the samples was evaluated using
tensile test, and the results were provided in Supplementary Mate-
rial Fig. S3. Significant improved mechanical properties of the LIS
construction have been verified with the incorporation of the
microporous Ni scaffolds.

3.2. Roughness and wetting behaviours of NP-SO samples

Surface roughness (Ra) of the as-prepared samples has been
characterised and compared in Fig. 3 (a). The surface roughness
of the as-received Al substrate was 1.40 + 0.01 pm. While for Al-
PDMS, with the PDMS layer on top, the measured Ra was 0.75 £ 0.
04 pm. The as-prepared PDMS layer was smooth and flat, resulting
in the decrease of the surface roughness. The average surface
roughness of another reference sample Ni-PDMS was about 0.77 +
0.07 pum, very close to that of AI-PDMS. Regarding the NP-SO series
samples, only small variations of their surface roughness could be
found, ranging from 0.78 to 0.83 pm. The infused silicone oil would
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keep diffusing through the PDMS cross-linked network, forming a
lubricated silicone oil overlayer [27]. The thin oil layer could alle-
viate the small surface undulation caused by the combination of
soft polymer and Ni scaffolds, which finally led to the similar sur-
face roughness on different samples.

For the as-prepared NP-SO and the reference samples, water
contact angle (WCA) and the contact angle hysteresis (CAH) were
measured and shown in Fig. 3 (b). The WCAs of Al plate and Al-
PDMS were 101.2 + 2.5° and 106.1 + 0.9°, respectively. The devia-
tion from the ordinary wettability of pure Al here could be the
result of the surface gaseous adsorption derived from the time-
dependent wettability [28,29]. For Ni-PDMS, the WCA reached
105.6 £ 0.6°, which was also consistent with the inherent wettabil-
ity of pure PDMS (normally around 104° [30]). For NP-SO series
samples, the WCAs showed a steadily increasing trend with higher
silicone oil addition. The reason for the WCA increase could be the
variation in surface energy. As indicated in Table 1, the surface
energy of different samples kept decreasing with the increase of
silicone oil. The incorporation of silicone oil also played an impor-
tant role in lowering the surface energy [31], which finally caused
the increased WCAs.

The CAH values also had a clear decreasing trend in Fig. 3 (b).
The detailed advancing and receding WCA results were shown in
Supplementary Material Tab. S2. With more silicone oil addition,
it could be easier for the sample to present slippery behaviours,
and CAH of NP-SO samples kept decreasing to lower than 10°.
The excess silicone oil could gradually cover the surface, convert-
ing a heterogeneous solid-liquid interface to homogeneous
liquid-liquid interface and eliminating the ice pining points, which
further led to a reduced liquid-solid contact area [32]. The NP-SO
samples exhibited nearly defect-free surfaces, as shown in Fig. 1.
The interlocked points at the ice interfaces were reduced, which
was favourable to lower the adhesion of the ice layer.

3.3. Anti-icing performance

The icing process of the supercooled water droplets on different
samples was illustrated in Fig. 4 (a). It was obvious that the icing
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Fig. 3. (a) Surface roughness and (b) Wettability of PDMS,

Table 1
Surface free energy measurement of Al-PDMS, Ni-PDMS and NP-SO series.

Samples Surface free energy (mjJ/m?)
Al-PDMS 38.22
Ni-PDMS 38.64
NP-10SO 33.96
NP-20SO 33.16
NP-30SO 32.71
NP-40SO 31.84
NP-50S0 29.78

layer always formed from the solid-liquid interface and spread to
the top region of the droplet. The ice nucleus was first initiated
at the interface, and it then gradually grow into large ice crystals
upwards, and finally the whole droplet turned into ice. The water
droplet took the shortest time to freeze on Al plate, only 9 s. While
for Ni-PDMS, the total icing duration was prolonged to 61 s. As
they had the same PDMS top layer, the freezing delay was mainly
ascribed to the difference in thermal resistance of the different
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Ni-PDMS and NP-SO series samples.

samples. Once the sessile droplets (still at room temperature) were
dripped onto the sample surfaces, heat exchange took place. The
heat would be released along with the ice-solid interfaces, as
shown in Fig. 4 (b). The prepared top PDMS layer on Al-PDMS
and Ni-PDMS had a similar thickness, bringing no difference to
the thermal resistance. While for the bottom layers, it was obvious
that the thermal conductivity of the pure Al substrate (237 W/m-K
[33]) was much higher than that of Ni/PDMS composite structure
(the thermal conductivity of the PDMS filling is only 0.15 W/m-K
[34]). So the thermal resistance was much higher than that of Al-
PDMS, leading to a longer icing duration.

When water droplets contacted with Ni-PDMS series samples,
the icing time on tested surfaces gradually increased with higher
silicone oil infusion. The phenomenon could be explained by the
increased energy barrier for ice nucleation. The homogenous
nucleation contributes the majority of the icing process on ideal
lubricated surfaces, while for a normal solid surface such as a
metallic substrate, the heterogeneous nucleation process con-
tributes the major part of the icing process [35]. The free energy
barriers for homogeneous nucleation (AGpomo) and heterogeneous

Top layer
Heat

Bottom layer

Al-PDMS

Top layer

Bottom layer

Ni-PDMS

Fig. 4. Icing process of water droplets on different surfaces (a) Al plate, AI-PDMS, Ni-PDMS, NP-SO series under —20 °C. (b) Schematic diagram for thermal conduction of Al-

PDMS and Ni-PDMS.
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nucleation (AGpere) could be estimated using the following equa-
tions (3)-(5) [36]:

AGhomo = —%TEPAGV + 47'57'25"_ (3)
4 3 2

AGhete = —§7tr AGy + 4719y |S(0) = AGhomoS(0) 4)
1 2

S(0) = — (2 + cos0)(1 — cos0) (5)

1

where r means the nucleation radius, AG, shows the driving force
during the solidification, and §; represents the interfacial energy
between the ice nucleus and liquid. 0 indicates the contact angle
of the nucleus on specific solid surface, which is approximately
equal to the measured contact angle of a droplet on a flat surface.
The value of 5(0) is between 0 and 1.

Regarding NP-10SO to NP-50SO, as shown in Fig. 4 (a), the
nucleation could be classified as heterogeneous. As the formed sur-
face oil layer would be thickened with the increasing silicone oil
addition, AGpe.0n these samples showed an obvious trend, closing
to the value on ideal lubricated surfaces (AGpomo ). More energy was

Journal of Colloid and Interface Science 634 (2023) 369-378

needed for initiating the icing process, resulting in the delayed ice
formation.

The results of icing delay indicated that with the microporous
Ni scaffolds, the overall thermal resistance of the multiphase layers
was increased, which caused the delay of the ice formation. More
importantly, the advantage of high energy barrier for ice nucle-
ation on LIS still remained. The good anti-icing performance of
LIS had been well retained with the introduction of the microp-
orous Ni scaffolds.

3.4. Water condensation and ice growth

Fig. 5 (a) illustrated the ice growth state near the edge of the Ni-
PDMS sample, where the ice grew from left and then spread to the
sample surface gradually. It was essential to form solid ice nucleus
for the continuous growth of the ice crystals. Ice tended to nucleate
on the sample holder at first rather than on the Ni-PDMS surface.
The simultaneous evaporation of condensed water droplets would
take place along with the ice solidification. The reason for the
simultaneous evaporation of the remaining water droplet was
the decrease in the environmental humidity inside the chamber
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Fig. 5. (a)-(b) ESEM observations on Ni-PDMS: (a) Ice growth near the edge of the sample, (b) Ice growth on the surface; (c)-(e) ESEM images of Ni-40SO sample: (c) As-
prepared state, (d) Water condensation, (e) Ice accumulation; (f) Values of ice growth rate on various samples.
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(from 99.7% to 90.8%) at the moment of the ice formation, and the
water molecules in atmosphere would attach to the formed ice
crystal and participate in the ice growth. Meanwhile, due to the
exothermic effect of ice formation, the real-time temperature
showed a slight increase (from —6.7 °C to —4.2 °C at first, then
returned to —6.7 °C). The integrated factors including lowered
humidity and increased temperature made the condensed water
droplets unable to stay on the Ni-PDMS surface. Fig. 5 (b) showed
the ice growth on the Ni-PDMS sample. The formed ice crystal on
sample surface was quite large, and only some small ice crystals
grew slowly from the boundary and promoted the ice block expan-
sion. Besides, the detailed process of water condensation and ice
growth on Al plate and Ni-PDMS using ESEM observation has also
been provided in Fig. S4 to Fig. S6 in Supplementary Material as
references.

Fig. 5 (c) and (d) showed the surface state of NP-40SO with/
without wetting, exhibiting similar water condensation and dro-
plet distribution as Ni-PDMS sample. Fig. 5 (e) showed the ice
growth on NP-40SO. Compared with the Ni-PDMS sample, the ice
mainly grew in the z direction, leading to the obvious increase in
ice thickness on NP-40SO. It was difficult for the ice growth in
the x direction, which could be ascribed to the difficulty of ice
nucleation at solid-ice interfaces deriving from the fairly high
energy barrier. Therefore, the ice growth on existed ice layer was
much faster than that on NP-40S0, forming the accumulated ice
layer as indicated in Fig. 5 (e).

The surface ice growth rates on the different samples were also
depicted in Fig. 5 (f). With respect to the quick ice growth on Al
plate, the growth rate of ice had an obvious decrease in NP-SO ser-
ies. It indicated that the infusion of silicone oil could slow down
the ice growth. Also, no negative impact was observed in the icing
process on LIS by the introduction of Ni scaffolds. The results fur-
ther confirmed that NP-SO series samples exhibited strong inhibit-
ing effects on the spread of ice.

3.5. Ice adhesion and evaluation of durability

Fig. 6 (a) showed the ice adhesion strength of different samples.
In Fig. 6 (a), the ice adhesion strength of Al plate was maintained at
217.90 £ 6.39 kPa after the icing/de-icing cycles at —20 °C. The
measured shear strength decreased to 115.88 *+ 8.51 kPa when
its surface was covered with PDMS layer. The sample surface was
damaged after 28 icing/de-icing cycles. The PDMS top layer was
peeled off from the Al plate due to the high ice adhesion strength,

(a)
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and the surface lose its icephobicity once part of the coating was
removed. For Ni-PDMS samples shown in Fig. 6 (a), the addition
of microporous Ni scaffold could help to lower the ice adhesion
strength to 29.28 + 2.89 kPa.

Fig. 6 (b) compared the ice adhesion strengths of NP-SO series
samples during 50 icing/de-icing cycles at —20 °C. From Ni-PDMS
to NP-40SO0, the ice adhesion showed a slowly decreasing trend.
While for NP-30SO to NP-50S0, the existence of surface oil layer
could pose an obvious impact on the ice formation and the ice
adhesion strength was lower than 5 kPa.

Fig. 7 (a) showed the variations of oil maintenance ratios in dif-
ferent samples. It was found that the oil mass in the sample nearly
remained unchanged during the whole icing/de-icing processes for
NP-10S0 and NP-20S0. While for NP-30SO and NP-40SO0, there was
slight decrease of the oil in the two samples. For NP-50S0, an obvi-
ous decrease in oil maintenance occurred while the ice adhesion
strength kept increasing during the whole process, from 0.085 + 0.
03 kPa (1st cycle) to 7.53 % 1.89 kPa (50th cycle). The main reason
here was that the surface oil layer was much thicker so that it was
easier to be depleted than other samples, and there was not
enough time for the supplement of the incorporated silicone oil
to recover the surface oil coverage. Although the as-prepared NP-
50S0O showed the lowest value of ice adhesion strength, its de-
icing performance experienced significant deterioration after 50
icing/de-icing cycles. It was inferred that NP-40SO possessed the
most stable ice adhesion strength. The WCA variations of NP-SO
series samples versus 50 icing/de-icing cycles were also compared
in Fig. S7. The WCA values on NP-40SO had the lowest change,
reflecting a minimal surface damage.

As shown in Fig. 7 (b), the oil depletion of Al-SO series samples
was much higher than those of NP-SO series samples. The oil main-
tenance ratio of Al-40SO was 90.11% after 30 cycles test, while the
value of NP-40SO was kept at 99.21% after 50 cycles, the deduction
in oil depletion had been clearly confirmed. Therefore, the intro-
duction of microporous scaffolds could also offer an effective solu-
tion for the rapid oil depletion by restraining the deformation of
the LIS construction.

4. Influence of Ni microporous scaffolds on ice adhesion
To analyse the role of microporous Ni scaffolds in lowering ice

adhesion strength, a stress simulation was illustrated in Fig. 8. In
the de-icing test, when a shear force was applied to remove the
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Fig. 6. Ice adhesion strengths of (a) Al, AI-PDMS, and Ni-PDMS and (b) NP-SO series during 50 icing/de-icing cycles.
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Fig. 8. 2D stress simulation under shear force and gravity on (a) Pure PDMS and (b) Ni-PDMS using ANYSY.

formed ice block from the surface, the combined force including
the gravity could be resolved into vertical uniform surface pressure
and horizontal shear. For the pure PDMS layer, the maximum
stress is mainly located at the bottom right corner area, which
introduces large distortion to the PDMS layer. While for Ni-
PDMS, the uniformly distributed Ni scaffold carries most of the
loading compared with PDMS which is reflected from the colour
difference. In the Ni-PDMS structure, the stress in the PDMS matrix
would be reduced because the major stress would be carried and
re-distributed by the microporous Ni network due to the different
elastic modulus between Ni scaffolds and PDMS. This also intro-
duces different distortions at the ice/solid interface areas, generat-
ing small surface cavities at the interfaces and leading to the
initiation of micro-cracks [37,38]. Compared with the pure PDMS
layer, the incorporation of microporous Ni scaffold would signifi-
cantly improve the mechanical reinforcement effect of the LIS con-
struction and also the de-icing performance.
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The reason of the continuous decline in ice adhesion with the
increasing SO content in the NP-SO systems could be summarised
as follows: 1. With the decreasing hardness of polymeric layer, the
elastic mismatch between the polymer and metallic scaffold would
increase. It strengthened the stress concentration effect, and the
possibility for the initiation of micro-cracks at the solid-ice inter-
face also became higher, causing the easier detachment of ice
blocks from the surface [38,39]. 2. Higher oil content would help
to maintain a thin oil layer between the ice and solid interface,
which was favorable for minimising the ice adhesion strength.

Fig. S8 showed the ice adhesion strength of AI-SO samples dur-
ing 30 icing/de-icing cycles. With the increase of silicone oil, the
measured shear strength of the as-prepared samples decreased
from 17.06 * 1.37 kPa to only 2.58 + 0.67 kPa (measured in 1st
cycle). Nevertheless, the ice adhesion deteriorated with the
increased icing/de-icing cycles. Surface damage had been observed
on these samples after 30th cycles, which could be attributed to the
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Outer oil layer restored

Fig. 9. Schematic diagram explaining the self-replenishment mechanism of the Ni-SO series samples.

oil depletion during the test, leading to the increase of ice adhesion.
While comparing the NP-SO and Al-SO samples (shown in Fig. 7),
the significantly lowered oil depletion in NP-SO could be ascribed
to that the presence of Ni scaffolds restrained the level of deforma-
tion of the polymer matrix, which helped to retain the infused oil,
since higher deformation could induce increased extrusion of the
infused lubricants [40]. The low elastic modulus derived from the
LIS enables the infused lubricant with good sensitivity to the shear
stress. And the transport of the silicone oil to the surface could
easily take place when specific stress was applied onto the LIS. Nev-
ertheless, the introduction of Ni microporous scaffolds into LIS
could effectively decrease the overall extent of deformation, slow-
ing down the liquid effusion and depletion, as illustrated in Fig. 8.
Besides, the protective frame structures constructed by the micro-
porous scaffolds could also help to minimise the shear-induced loss
of infused lubricant and recover to the initial state [41].

Therefore, after 50 cycles, the oil content was maintained at a
high level of 99.21% in NP-40SO, as compared with the value of
90.11% in Al-40SO after 30 cycle tests. It is also confirmed the
lower ice adhesion had been well maintained with the significantly
lowered oil depletion. As shown from the schematics in Fig. 9, the
slight loss of oil did not have significant impact on the de-icing per-
formance, because the silicone oil would be replenished from the
infused PDMS, reforming oil layer and working as a self-healing
system, which also ensured the stability of the de-icing perfor-
mance [27].

With the introduction of the microporous Ni scaffolds to ensure
the mechanical enhancement and to offer additional de-icing
mechanisms, the icephobic potential of PDMS-SO have been fur-
ther demonstrated. The micro-cracks at the solid-ice interface
could be readily induced under the shear force, which further
weakens the adhesion strength between the formed ice and the
surface, prompting the ice detachment from the sample surface.
Furthermore, the interconnected network structure formed by
microporous metallic scaffold and LIS could work effectively in
resisting the external impact energy and minimising the oil deple-
tion. The multiphase structure could also help to distribute the
external impact to larger area of the interconnected structure
along the metallic scaffold, thus offering effective protection for
the LIS construction.

5. Conclusions

In this work, a universal approach was proposed to introduce
microporous metallic scaffolds in the LIS construction to increase
the applicability and durability, and the potential of LIS was signif-
icantly prompted for ice mitigation. Ni scaffolds and PDMS modi-
fied silicone oil (NP-SO) system were chosen for the LIS
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construction, and the multiphase icephobic layer structures have
demonstrated good icephobicity and significantly improved dura-
bility. In comparison with recent reports [27,40,42-47] indicated
in Tab. S3 (Supplementary Material), the proposed LIS construction
in this work demonstrated an obvious advantage in the de-icing
aspects. The ice adhesion strength of Ni scaffolds combined with
PDMS modified by 40 % silicone oil addition was below 2 kPa
and the low ice adhesion strength was maintained even after 50
icing/de-icing cycles. A good level of lubricating effect would be
well retained with minimal oil depletion for the enhanced LIS con-
struction. The introduction of microporous Ni scaffolds could help
to redistribute the stress during de-icing process, which effectively
protected the LIS materials from external load and impact. The
multiphase LIS construction could further boost the initiation of
micro-cracks at the solid-ice interfaces and prompt an easy ice
detachment. Additionally, with the microporous scaffolds, the oil
depletion from the LIS construction has also been largely reduced,
contributing to the durability enhancement.

The newly developed strategy could effectively alleviate the
problem of serious oil depletion and fragility of LIS surfaces by
combining the advantage of mechanical durability enhancement
and effectiveness in icephobicity. The LIS construction design could
also be used in the combinations with diverse polymeric sub-
strates, which further opens the potential in ice protection. For
example, the NP-SO system in this work could be developed as
gummed tape and attached onto certain engineering surfaces
directly like aircraft wings or wind turbines [48]. The good icepho-
bicity, durability and eco-friendly behavior of the new design strat-
egy are likely to prompt the potential of LIS for a wide range of
applications.
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