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ABSTRACT

To mitigate the hazards of ice adhesion and reduce anti/de-icing costs, this study proposed a simple and low-cost
anti/de-icing method. Different positions of the attached water’s internal interface have different phase trans-
formation times owing to changes in the thermal conductivity characteristics of the material surface. Conse-
quently, the characteristic parameters of water during freezing can be used to reduce the ice adhesion strength.
The mold method was used to coat low thermal conductivity silicone rubber with a striped and dotted circular
pattern on the surface to change the thermal conductivity continuity of the material surface, and the ice adhesion
strength on different samples being measured. Different characteristic parameters during the freezing process
were measured using the tracing point method, the tangential freezing interface stress being measured using a
purpose-built device. The results showed that a sample surface with a discontinuous distribution of silicone
rubber could greatly reduce the ice adhesion strength. For example, compared with the ice adhesion strength on
the normal surface of polymethyl methacrylate (PMMA) and an aluminum alloy, 142.95 and 150.22 kPA
respectively, the use of PMMA and an aluminum alloy with a stripe coating reduced the ice adhesion strength by
a maximum of 82.18% and 72.67%, respectively. When the attached water phased into ice, it was accompanied
by the release of heat and an increase in volume. Meanwhile, the tangential interface stress increased instan-
taneously outward along the interface direction and tended to stabilize. A phase transition time difference was
formed within the attached water by changing the thermal conductivity continuity of the material surface. The
tangential freezing interface stress, heat released, and the increased volume formed by the adhering water
located in the late-frozen region during the freezing process acted on the initially frozen region to destabilize the
adhesion interface between it and the material surface; thus reducing the ice adhesion strength. Based on the
results, it was evident that changing the thermal conductivity continuity of the material surface could actively
reduce the adhesion strength. This study should be helpful in developing simple, low-cost, nonpolluting, and
active anti/de-icing methods in the engineering field.

1. Introduction

natural phenomenon, it can change the morphology, transmittance,
operational stability, and safety of the adhesion components. For

In a low-temperature environment, water or moisture adheres the
material surfaces and freezes. Under the anchoring effect, chemical
bonds, and other factors [1-5], a stable adhesion interface between the
ice and the material is formed, there being an inherent adhesion strength
between the accumulated ice and the material which can make it diffi-
cult to remove the accumulated ice Although ice adhesion is a common

Abbreviation: PMMA, polymethyl methacrylate.

example, the load of a transmission line increases when it is covered
with ice, which can lead to the line fractures and potential tower
collapse [6-8]. Ice accumulation on wing surfaces can change the
aerodynamic lift-drag coefficient, affecting the maneuvering stability of
the aircraft [9-10]. Moreover, ice accumulation on photovoltaic panel

surfaces can reduce the photoelectric conversion efficiency [11-12].

* Corresponding author at: Jilin University, No.5988 Renmin Street, Changchun 130022, PR China.

E-mail address: jinjingfu@jlu.edu.cn (J. Jin).


mailto:jinjingfu@jlu.edu.cn

T. Chen et al.

Consequently, ice adhesion can have serious implications in people’s
lives, causing notable socioeconomic losses.

Water can be a special adhesive in a low-temperature environments,
and the ice formed by water freezing and the material itself forming an
adhesion system. In short, water or moisture, a low-temperature envi-
ronment or interface, and a substrate are required for ice to adhere to a
material surface. Based on these conditions, researchers have developed
several anti/de-icing technologies to mitigate the hazards of ice accu-
mulation [13]. The principles of existing anti/de-icing methods can be
summarized into several categories—that is, changing the composition
of water to reduce its freezing point, increasing the surface temperature
to delay the freezing time of water, modifying the material wettability to
reduce the adhesion effect of water or the ice adhesion strength, and
removing accumulated ice via direct removal or heating [14-16].
However, existing anti/de-icing methods have certain disadvantages in
their practical use. For example, chemical methods that change the
freezing point of water can cause component corrosion, soil hardening,
and water pollution [17-18]; and thermal methods to improve the
surface temperature or melt the accumulated ice can consume consid-
erable energy, increasing the cost of anti/de-icing [19-23]. In recent
years, researchers have devoted themselves to fabricating super-
hydrophobic surfaces or coatings that affect the water adhesion or
decrease the ice adhesion strength. Superhydrophobic surfaces are
promising anti/de-icing method owing to their significant water-
repellency or ability to decrease the ice adhesion strength [24-25].
However, superhydrophobic surfaces do not always maintain their
superhydrophobicity characteristics [26-33]. Farhadi et al. [28] and
Kulinich et al. [30] repeatedly measured the ice adhesion strength on
6061 aluminum and found that the ice adhesion strength gradually
increased with increasing test time. The composition of the super-
hydrophobic surface could also change with increasing icing and de-
icing cycles [28,30,34]. Moreover, other studies have reported that
superhydrophobic surfaces can exhibit defects, including poor me-
chanical properties and easily damaged surface structures [24,34-36].
The preparation of super-hydrophobic surfaces can also be complicated
and expensive [37]. Hence, it is urgently developed a kind of anti/de-
icing method with no pollution, inexpensive, low energy consumption,
and simple preparation in the engineering field.

After thousands of years of evolution, organisms have formed
optimal structures to adapt to their living environments. For example,
the desert beetle uses the discontinuous wettability and morphology of
its body surface to collect water [38], while dung beetles, earthworms,
mole crickets, and other organisms have discontinuous surface
morphology can move in wet soil without clay [39-43]. Consequently,
the discontinuous characteristics of the organism surface can provide a
reference for developing anti/de-icing technologies.

As a special adhesive and phase change energy storage material,
water can attach to material surfaces under cold conditions, accompa-
nied by a phase change, the release of heat, and an increase in volume,
the accumulated ice forming an adhesive system with the substrate. The
surface characteristics of the substrate can affect the ice adhesion
strength, such as surface roughness, wettability, etc [1,44-45]. More-
over, water or ice and materials have different linear expansion co-
efficients, and the phase change that occurs during the freezing process
creates tangential stress at the ice interface [46].

By learning the discontinuity of biological surface characteristics, the
surface thermal conductivity continuity was changed to affect the
freezing sequence of water adhering to a material surface. It meant that
the time required to form tangential interfacial stresses during the
freezing process varied for different regions of attached water. The ad-
hesive stability between the accumulated ice and the substrate could be
influenced, affecting the ice adhesion strength on the material surface.
The freezing process on different surface characteristics was observed
using a custom-made device, and the ice adhesion strength on normal
and discontinuous surfaces was measured. Combined with the freezing
process of water on the material surface, the influence of the

discontinuous thermal conductivity surface on the ice adhesion strength
was analyzed. Consequently, the results of this study could provide a
reference for the development of anti/de-icing methods.

2. Materials and methods
2.1. Materials

Silicone rubber has been widely used in the medical, automotive, and
other engineering fields owing to its good weather resistance, low cost,
chemical stability, strong adhesion, and other characteristics [47]. In
this study, RTV-1 silicone rubber (purchased from Guangdong Hengda
New Material Technology Co., Ltd.) was coated at different positions on
the substrate surface to change the continuity and unity of the material’s
thermal conductivity. PMMA and 6061 aluminum—which are widely
used in the engineering field—were used as the substrates during the
experiment. The thermal conductivities of 6061 aluminum alloy
(Haerbin Dongbeilong Metal Co., Ltd.), PMMA (Ju Yayuan Plastic Ma-
terials Co., Ltd.), and silicone rubber were 167, 0.2, and 0.13 W/m K,
respectively [47-48].

2.2. Sample fabrication

Non-continuously coated silicone rubber on the sample surface was
fabricated using the mold method, as shown in Fig. 1. A flexible film is
pasted onto the substrate surface, and the pattern on which the silicone
rubber needs to be coated being processed using a laser. The silicone
rubber is coated and cured naturally at room temperature for 24 h. The
film is then removed, the substrate surface being wiped down with
alcohol. A flexible film is used to control the thickness of the silicone
rubber coating, and the thickness of the flexible film is 0.02 mm.

The adhesion grade of the silicone rubber on the material surface is
measured using a bagel knife according to the standard [49]. The
adhesion grade of the silicone rubber on the surfaces of PMMA and
aluminum alloy is 5B.

2.3. Experimental device and methods

2.3.1. Adhesion strength tests

In the engineering field, the tangential adhesion strength between ice
and a material can affect the removal of accumulated ice. Consequently,
the ice adhesion strength was measured and the influence of the
discontinuous surface characteristics on the ice adhesion strength was
analyzed.

The method was used to discontinuously coat the surfaces of PMMA
and aluminum alloy with silicone rubber distributed as discrete dots and
stripes. The diameter of the silicone rubber distributed as discrete dots
was 3 mm, the circle center distance was 4 mm, and the distribution
patterns were 4, 9, and 16 dots. The strip size of the silicone rubber
coated on the material surface was 20 x 3 mm (L x W), the spacing was
1 mm. The numbers of strip distributions were two, three, and four. The
thickness of the silicone rubber coating on the sample surface was 0.02
mm. The shape of the silicone rubber coatings on the sample surface was
as shown in Fig. 2.

The sample descriptions are listed in Table 1, all samples have di-
mensions of 56¢50 § mm (L W H) As shown in Table 1, a normal
surface is meant that the surface is not coated with silicone rubber.

During the test, an aluminum alloy cup was placed at the center of
the sample using a placement tool, as shown in Fig. 3(a), after which five
milliliters of water were injected into the aluminum cup. The entire test
model was placed in a climate chamber that controlled the experimental
temperature, maintaining it at-20 °C. The temperature control accu-
racy of the climate chamber is +0.01 °C. After freezing for 1 h, the
tangential ice adhesion strength on the different sample surfaces was
measured using the method shown in Fig. 3(b). The maximum pulling
force of accumulated ice during the stripping process was measured. The
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Fig. 1. Preparation of samples with discontinuous thermal conductivity using the mold method.

Ice accumulation area

,’, \\\ /’/ \\\ /” \\\ ,// \\\ ,// \\\
[ e® ! A | — | e— | —
. ee | ] I | — I — | —
\ o \ u \ e \ i . —
N e L 7 N il L 1 i N o5
Number of Number of Number of Number of Number of Number of
circles: 4 circles: 9 circles: 16 stripes: 2 stripes: 3 stripes: 4

Fig. 2. Coating shapes of silicone rubber on the sample surface.

Table 1
Sample descriptions.

Substrate Normal surface The substrate surface with silicone rubber

Number of stripes Number of circles

2 3 4 4 9 16
PMMA APMMA Abmma ABvma Advma Bivma Baumia Bifwa
Al Al AR Ak Ak BA BA B

Aluminum
Sample alloy cup
Aluminum  holder

Placement tool
alloy cup

Substrate

Pull holder

Pull direction _sw,

Fig. 3. Details of ice adhesion strength measurement test. (a) Aluminum alloy cup placement details; (b) Schematic diagram of tangential ice adhesion strength test.

tangential ice adhesion strength could be calculated using the equation
P E/S, where P denotes the shear ice adhesion strength, F denotes the
maximum pulling force, and S denotes the inner area of the aluminum
alloy cup. The inner diameter of the aluminum cup is 32 mm, and the
accuracy of the draft gauge is 0.01 N.

2.3.2. Droplet freezing process

The influence of the silicone rubber on the freezing of water droplets
on the sample surface was studied using the device shown in Fig. 4. The
sample is cooled using a semiconductor based on the Peltier effect, and
the power of the semiconductor is changed by adjusting the applied
voltage. During the freezing process, a K-type temperature sensor is
placed inside the droplet without touching the substrate surface to
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1. Water-cooled pool; 2. Cooling fan; 3. DC power supply; 4. CCD camera; 5.

Temperature collector; 6. K-type temperature sensor; 7. Sample; 8. Water droplet; 9.

Refrigeration stage; 10. Semiconductor; 11. Microscope; 12. PC.

Fig. 4. Observation device for the freezing process.

measure the transient response of the internal temperature of the
droplet. The change in the water/ice appearance is recorded in real time
using a CCD camera. The K-type temperature sensor has a diameter of
0.15 mm, its accuracy is +0.1 °C.

The sample surface was cleaned in an acetone ultrasonic bath for
three minutes and then in a deionized water ultrasonic bath for another
three minutes. The samples were then oven dried at 30 C. During the
observation test, the initial temperature of the sample surface was that
of the ambient temperature (approXimately 20 °C), and the sample
surface temperature was first set at-10 °C. Five microliters of deionized
water were then dropped onto the sample with a thickness of 0.5 mm
using a micro pipettor. The freezing process of the PMMA and aluminum
alloy, with and without silicone rubber, were observed using the self-
made observation device. The coating thickness of the silicone rubber
on the substrate was 0.02 mm.

2.3.3. Interface stress during the freezing process

A purposely-built test device was used to collect the tangential stress
formed at the freezing interface during the freezing process, as shown in
Fig. 5. Here, the tangential interface strain of water formed during the
freezing process is measured indirectly, a circular strain gauge is

Strain gauge Water/Ice

Climate chamber

attached to the center of the one side of the thin aluminum alloy plate,
placed entirely within the environmental chamber. After wiping the
surface of the aluminum alloy plate with ethanol, 1 ml of deionized
water is dripped onto its surface. The freezing interface strain is then
measured using a dynamic strain collector and transmitted to the
collection terminal.

During the tests, the acquisition frequency of the system was set at
20 Hz. The strain of the aluminum alloy without water adhering to the
surface in a low-temperature environment was collected simulta-
neously. The thin aluminum alloy plate was 50% 50x 0.5 mm (Lx W
H). A circular strain gauge (Model: BHF350-12KA) was purchased from
Taizhou Huangyan Electronic Components Co., Ltd.

3. Results
3.1. Ice adhesion strength

Fig. 6 shows the ice adhesion strength of the specimen surface after
repeated tests, and the reduction rate of the ice adhesion strength on the

anti/de-icing specimen surface relative to the ice adhesion strength on
the normal specimen surface is calculated. Except for sample B*, the ice

Strain
acquisition
instrument

Surface Surf:
without water Wwith water

Fig. 5. Interface strain acquisition system.
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Fig. 6. Ice adhesion strength on different samples.

adhesion strength on the PMMA surface is lower than that on the
aluminum alloy surface, regardless of the normal samples or anti/de-
icing specimens with discontinuously coated silicone rubber. More-
over, the specimens coated with striped and dotted circular silicone
rubber reduced the tangential ice adhesion strength, and the ice adhe-
sion strength on the sample surface coated with the striped silicone
rubber is lower than that of the sample surface coated with the dotted
circular silicone rubber. It is evident that the coating shape of the sili-
cone rubber on the aluminum alloy surface has little effect on the ice
adhesion strength.

With increasing numbers of stripes or circles coated with silicone
rubber on the sample surface, the ice adhesion strength on the sample
surface decreases gradually. When the silicone rubber is coated in a
striped pattern on the material surface, the ice adhesion strength on the
Apuma surface is the lowest (25.47 kPa). The ice adhesion strength of the

A3, surface is the largest, and the reduction rate of the ice adhesion
strength is 64.97%. When the sample surface is coated with 3 or 4 strips
of silicone rubber, the difference between the ice adhesion strength of

the two kinds of samples is small. For examgle, the reduction rate of ice
adhesion strength on the surface of A3 and A* is 71.71% and 72.67%,
Al

respectively. A

When the material surface is coated with circular silicone rubber, the
volume of circular silicone rubber has a greater influence on the ice
adhesion strength of the PMMA than that of the aluminum alloy. Among
the samples with round silicone rubber on the surface, the ice’'adhesion
strength of the BXS,,,, surface is the lowest (27.80 kPa); the ice adhesion
strength of the Bf,,,,, surface is the largest, and the reduction rate of the
ice adhesion strength is 41.84%. When dotted circularly coated silicone
rubber on the aluminum alloy surface numbers four or nine, the dif-

ference between the two sample surfaces is small. For example, the ice
adhesion strength on B4 and B is 64.91 kPa and 65.28 kPa,
Al Al

respectively.

3.2. Freezing process on the sample surface with discontinuous properties

The freezing processes on different sample surfaces were observed
using the device shown in Fig. 4. As shown in Fig. 7, the freezing process
of water on the surfaces of the different specimens is similar, regardless
of whether the substrate is PMMA or an aluminum alloy. During the test,
the freezing process of the water on the material surface can be sum-

marized as follows—that is, the initial state, spreading state, and phase

change until completely frozen. However, when the substrate surface is
coated with silicone rubber, the contact diameter between the water and
silicone rubber does not change much during the freezing process. This
is evident in the freezing process observation test in the horizontal di-
rection, as shown in Fig. 4. When the attached water is completely
frozen on the ice, the height of the ice is greater than that of the initial
water droplets.

3.2.1. Morphological characteristic parameters

To analyze the influence of the discontinuous silicone rubber coating
on the ice adhesion strength, different morphological characteristic
parameters of the freezing process were calculated. It is evident from the
vertical direction shown in Fig. 7 that the contact area between the
water and material is approXimately circular. The freezing observation
test shows that water undergoes the same freezing process on different
material surfaces. Consequently, the tracing point method can be used in
experiments to calculate the morphological characteristic parameters of
water during the freezing process on a normal aluminum alloy surface.
This method has been validated by several studies [34,50-54].

Fig. 8 shows the morphological characteristics of the water droplet
attached to the aluminum alloy surface to be measured during the
freezing process, where Fig. 8(a) and 8(b) show the initial state of the
water on the material surface and the steady state after freezing.

Fig. 9 shows the variation in the morphological parameters of water
during the freezing process on the normal aluminum alloy surface
compared with the initial state. After water was titrated onto the ma-
el soghce e s foepeed Compupd i he il st the
gradually. Because the volume of attached water does not change, its
height gradually decreases before freezing, and the cross-sectional
diameter at one-third of the droplet height gradually increases. More-
over, the cross-sectional diameter at two-thirds of the droplet height
gradually decreases, as shown in Fig. 9.

When the attached water droplet enters a phase change, the cold
surface restricts the increase in the contact diameter. As shown in Fig. 7,
a freezing front appears within the attached water during the freezing
process, the area behind the front freezing. When the freezing front
moves to one-third of the droplet height, the cross-section is frozen, and
the cross-sectional diameter being constrained. It is well known that the
water volume increases after freezing. Moreover, the internal tempera-
ture of the droplet increases abruptly within seconds of the phase
transition [13,51].
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Fig. 7. Freezing process on different substrates.

Substrate surface

Contact diameter

(a) Droplet (initial state) (b) Frozen droplet (steady state)
Fig. 8. Measurement location of water/ice morphological characteristics during the freezing process.
Consequently, with the continuous upward movement of the freezing the attached water is completely frozen, changes in the morphological

front, the height and cross-sectional diameter at two-thirds of the characteristic parameters are not significant.
droplet height increases instantaneously, increasing the volume. When
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Fig. 9. Changes in morphological parameters of water during the freezing
process on the normal Aluminum alloy surface.

3.2.2. Changes in the internal temperature during the freezing process

As the freezing process was observed using the device shown in
Fig. 4, the internal temperature of the water during the freezing process
on different specimen surfaces was measured, as shown in Fig. 10.
Compared to the normal surface, the coated silicone rubber delays the
phase transition time of the water on the surface. Because the thermal
conductivity of the PMMA substrate is lower than that of the aluminum
alloy, the phase transition time of water on the aluminum alloy surface
with or without the silicone rubber coating is shorter than that of water
on the PMMA surface with or without the silicone rubber coating.

To verify the effect of the discontinuous distribution of silicone
rubber on the freezing process, the freezing of water on the specimen
surface with discontinuously distributed silicone rubber was observed in
the vertical direction. Silicone rubber was discontinuously coated onto
the aluminum alloy surface using the method shown in Fig. 1. The
coating diameter of the silicone rubber was 5 mm, the spacing between
adjacent silicone rubbers was 8 mm, as shown in Fig. 11. During the test,
5 ml of deionized water was titrated onto the surface to completely cover
the non-continuously coated silicone rubber, and the target temperature

of the aluminum alloy surface being set to —10 °C. The size of the

substrate was 40 x 40 x 0.5 mm (L x W x H).

Fig. 11 shows the freezing process of water on a specimen surface
with a discontinuous silicone rubber coating. It is evident that the coated
silicone rubber changes the freezing order within the attached water,
which can be seen by the color of the different locations during the
freezing process. Moreover, the freezing time of water attached to the
silicone rubber-coated area is lesser than that in the normal area.

3.3. Tangential freezing interface stress

Based on the relationship between strain and stress, the strain at the
freezing interface of water attached to the aluminum alloy surface
during freezing can be determined. During the tests, the strain direction
was defined as positive along the surface of material. The test ambient
temperature was reduced from the ambient temperature (approXimately
20 °C) to 20 °C using the climate chamber. When the water was
completely frozen, the environment temperature was reset to 20 °C.

Fig. 12 shows the change in the freezing interface strain during the
freezing-thawing process of 1 ml of deionized water on the aluminum
alloy without coating with silicone rubber using the device shown in
Fig. 5. The freezing interface strain generated by the two specimens
gradually returns to the initial state at the end of the test; consequently,
the measurement and collection of the freezing interface strain can be
performed using the method shown in Fig. 5.

As shown in Fig. 12, the change process of the interfacial strain of the
aluminum alloy with water on the surface can be divided into three
stages: a decrease in strain, and a stabilization phase after an increase in
strain with the decreasing of ambient temperature. When the ambient
temperature reaches 20 °C, the interfacial strain formed by the
aluminum alloy without water on the surface no longer decreases,
tending to stabilize. When the ambient temperature increases, the
interfacial strain formed by the sample with water on the surface fluc-
tuates before gradually returning to its initial state.

Moreover, with a decrease in the ambient temperature (Fig. 12) the
interface strain formed by the sample with water on the surface can be
regarded as the tangential interface strain formed by water during the
freezing process, relative to the change in the interface strain of the
sample without water. Consequently, the difference between the inter-
facial strain formed by the specimen with water on the surface and that
formed by the normal specimen is the tangential interfacial strain
formed by the attached water during the freezing process. As shown in
Fig. 12, the tangential freezing interface strain gradually increases as the
ambient temperature decreases, tending to stabilize after fluctuation.
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Fig. 10. The internal temperature during the freezing process.
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4. Discussion

It is evident from the freezing process, morphological parameters,
and internal temperature of water on the different sample surfaces that
the freezing process of water on the material surface can be divided into
the initial stage, supercooling, phase transformation, and completely
frozen stages. The phase change is accompanied by an increase in vol-
ume and an abrupt change in the internal temperature, as is evident
from Fig. 7, Fig. 9, and Fig. 10. The interface contact diameter and water
droplet height are in the direction of the expansion change during the
phase change process. As shown in Fig. 9, the contact diameter gradually
decreases as the ambient temperature decreases, and the water and
aluminum alloy being precooled and shrinking. Thus, the interfacial
strain is reduced. The contact diameter increases rapidly during the
phase change of the attached water, causing a rapid increase in the
freezing interface strain. When the attached water is completely frozen,
the contact diameter and interfacial strain do not change much. The
effect of the discontinuous distribution of silicone rubber on the sub-
strate surface on the ice adhesion strength can be explained by
combining the freezing process, changes in morphology and internal
temperature, and interfacial strain.

To explain the effect of discontinuous thermal conductivity charac-
teristics on the test results, a theoretical model was proposed, as shown
in Fig. 13. Water is attached to the material surface with a non-
continuous distribution of silicone rubber (Fig. 13(a)), the water
adherence interface being divided into silicone rubber surfaces and

surfaces without silicone rubber. To facilitate the distinction, the area
without silicone rubber is named Area I, and the silicone rubber surface
is named Area II, as shown in Fig. 13(b). Different locations within the
attached water on the surface of the material have different freezing
times—that is, the freezing sequence forms inside the attached water. As
shown in Fig. 10, the freezing time of the water attached to the silicone
rubber surface is shorter than that of water attached to the conventional
surface. With a decrease in the ambient temperature, the water and
substrate shrink, resulting in an inward shrinkage interface strain, as
shown in Fig. 12. As the cooling continues, the attached water on the
surface of Area I starts to phase change and expand, forming freezing
interface stress along the interface direction outward, as shown in
Fig. 13(c). The released heat of the phase change also plays a role in
delaying the freezing of the phase change of water attached to the sur-
face of Area II.

When the phase transition of the adherent water on the surface of
Area I is completed, the water attached to the surface of Area II is in a
subcooled state, as is evident in Fig. 11. When the water phase change on
the surface of the adjacent Area I freezes, the ice adhesion strength is
formed between it and Area II, as shown in Fig. 13(d). With continuous
refrigeration, the ice adhesion strength formed by freezing the attached
water near the surface of Area I on the material surface gradually in-
creases, as shown in Fig. 13(e). The ice covering the surface of Area 1
forms a constraint boundary to the attached water on the surface of Area
II. However, when the adherent water on the surface of Area II enters
the phase transformation stage, the tangential interface stresses outward
along the interface direction acts on the surrounding frozen area and
destroys the stability of the formed adhesive interface between the ice
and Area I. Similarly, it is evident from Fig. 9 that the height direction
also changes and increases during the freezing process. Consequently,
the water attached to the surface of Area II exerts the normal phase
expansion stress on the frozen area during the freezing process, further
destroying the adhesion stability between the ice and Area I, reducing
the ice adhesion strength, as shown in Fig. 13(f)~(h). The heat released
by the water on the surface of Area II during the freezing acts on the
frozen area, affecting the adhesion strength between the ice and Area I.

The water attached close to the surface of Area II is completely
frozen, as shown in Fig. 13(i)~(j), the effect on ice adhesion stability
and ice adhesion strength on the surface of Area I decreasing gradually.
With continuous cooling, the adhesion strength between the ice and the
substrate doses not change significantly.

There is a large difference in thermal conductivity between PMMA
and the aluminum alloy, and a smaller difference in thermal conduc-
tivity between the PMMA and the silicone rubber. Consequently, the
phase transformation time of water on the aluminum alloy surface with
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Fig. 13. Effect of surface discontinuous thermal conductivity on freezing process and ice adhesion strength.

and without the silicone rubber distribution is shorter than that of water
on the sample surface with PMMA as the substrate, as is evident from
Fig. 10. When the adhesion stability between the ice and material sur-
face is destroyed by the phase change of the attached water on the Area
1I surface of the aluminum alloy, the adhesion interface between the ice
and the aluminum alloy surface reforms with continued refrigeration.
Consequently, the ice adhesion strength on the aluminum alloy surface
with a discontinuous distribution of silicone rubber is greater than that
on the PMMA surface with a discontinuous distribution of silicone
rubber. Moreover, the shape of the silicone rubber coating on the
aluminum alloy surface has little effect on the ice adhesion strength.

5. Conclusions

Silicone rubber with a low thermal conductivity was coated onto a
material surface in the form of stripes and dots to alter the continuity of
the thermal conductivity characteristics of the material surface. The ice
adhesion strength test results showed that the sample with discontinu-
ously distributed silicone rubber could greatly reduce the ice adhesion
strength on the material surface relative to the normal sample without
silicone rubber coating. The ice adhesion strength on the PMMA and
aluminum alloy without silicone rubber coating was 142.95 and 150.22
kPA, respectively, while that on the PMMA and aluminum alloy surfaces
with the striped coating could reached 25.47 and 41.05 kPa, respec-
tively. The average ice adhesion strength on the PMMA and aluminum
alloy surfaces with the dotted circular coating was 27.80 kPa and 45.41
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kPa, respectively. Subsequently, a test device was designed to study the
influence of discontinuous thermal conductivity characteristics on the
ice adhesion strength. The freezing process of water on different sample
surfaces was observed, the morphological characteristics parameters of
water during the freezing process on the aluminum alloy surface were
calculated, and the interfacial stress of water during the freezing process
on the material surface was collected.

The continuity of the thermal conductivity characteristics of the
material surface could be changed by the discontinuously distribution of
the low thermal conductivity silicone rubber on the material surface.
That was, the consistency of the freezing time of the water attached to
the material surface during the freezing process could be changed so that
different locations within the attached water would have different
freezing sequences. The tangential interfacial stresses, expanded vol-
ume, and heat released during the freezing process in the late-frozen
region were used to disturb the stability of the ice adhesion on the
material surface, such that the ice adhesion strength on the material
surface could be reduced.

Based on the experimental results, this study should be helpful in
developing new low-cost active anti/de-icing methods for the engi-
neering field with high anti/de-icing efficiency and minimal pollution.
Moreover, change in surface wetting continuity, change in elastic con-
tinuity, and the coupling between different surface characteristics, could
be used to improve the anti/de-icing efficiency.
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