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In this work, we proposed a facile approach to fabricate a superhydrophobic surface for anti-icing
performance in terms of adhesive strength and freezing time. A hierarchical structure was generated
on as-received Al plates using a wet etching method and followed with a low energy chemical
compound coating. Surfaces after treatment exhibited the great water repellent properties with a
high contact angle and extremely low sliding angle. An anti-icing investigation was carried out by
using a custom-built apparatus and demonstrated the expected low adhesion and freezing time

for icephobic applications. In addition, we proposed a model for calculating the freezing time. The
experimented results were compared with theoretical calculation and demonstrated the good
agreement, illustrating the importance of theoretical contribution in design icephobic surfaces.
Therefore, this study provides a guideline for the understanding of icing phenomena and designing of
icephobic surfaces.

Icing problems present many challenges as the diversity of ice formation. In natural environments, ice accumu-
lation can be found on a wide range of temperatures and humidity owing to the different scenarios, including
freezing rain, snow, and frost formation. Specifically, ice accretion on the wings of aircraft by freezing rain or
fog icing may cause a sudden loss of control owing to the weight overloading and lack of lifting force. Moreover,
ice bulks form on the fuselage may be ingested into the engines causing a partial or total loss of thrust %, Fur-
thermore, ice accretion on power transmission systems, vehicles, or offshore platforms might lead to massive
damage and potentially endangering people *=°. Generally, anti-icing strategies might be separated into active
and passive methods. The current active strategies for combatting icing problems primarily involve the heating
systems, chemical deicing fluids, and mechanical removal *!. On the opposite side, it would be advantageous if
surfaces can passively hinder the ice formation and ensure the ease removal process without any external energy
12-19 These processes are more efficient, environmentally favorable compared to industrial active methods and
can be achieved using the physicochemical process based on texturing structure incorporates with a low-surface-
energy compound.
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Figure 1. The original version of Figure 8.

Superhydrophobic surfaces, which inspired by the Lotus leaf concept, are believed as a promising strategy
for anti-icing materials owing to their water repellent 2°-2*. Many types of research have reported the efficient
passive anti-icing methods using a superhydrophobic phenomenon for reducing adhesion force - or delay-
ing freezing time **-**. In this study, we critically examined the facile strategy for attaining icephobicity on the
superhydrophobic surface and compared it with a wide range of wettability to point out the effect of surface
energy in anti-icing performance. The micro-nano hierarchical structure was generated on as-received Al plate
through wet etching and followed by a low surface energy material coating to enable a perfect water repellent
surface and nucleation inhibitor as well. Experimental results were compared with ongoing researches to figure
out the contribution of surface wettability on anti-icing performance. Also, we proposed a calculation model to
determine the freezing time. Freezing time experiments carried out on all samples were compared with theoreti-
cal calculation and revealed a good agreement, demonstrating the appropriate model for designing icephobic
surfaces. The originality of this work is the experimental demonstration of the anti-icing performance on the
superhydrophobic surface and proposing comprehensive insight into icing phenomena for icephobic applications.

Results and discussion

The ability to imitate the lotus leaf micro-nano structure enables the manufacturing of a superhydrophobic sur-
face with extraordinary water repellence. The superhydrophobic concept, therefore, has been widely developed
for icephobic applications owing to its beneficial properties including drag reduction and self-cleaning ability.
However, recent studies on textured superhydrophobic surfaces have revealed that the performance largely
limited by environmental constraints while the system cannot prevent the ice nucleation or obstruct the frost
accumulation on surface textures. Besides, the voids between surface features might serve as vulnerabilities under
extreme humidity conditions, results in the interlocking effect and eventually comparable adhesion strength on
superhydrophobic and superhydrophilic substrates.

To basically investigate the contribution of wettability in anti-icing performance, a wide range of contact
angles was examined against the corresponded adhesive strength. Figure 1 disclosures the linear relation between
surface wettability and adhesive strength. Our data were also compared with some ongoing research with the
same interest and indicated the relatively same tendency as the higher contact angle sample exhibited the signifi-
cant low adhesion compared to higher surface energy samples. The lowest value belongs to the superhydrophobic
sample with about 135 kPa, which is % lower than 145° sample and about 9 times lower when compared with
the superhydrophilic surface. The reason can be attributed to the contact area between ice and surface as the
adhesion strength is attributed to the electrostatic force between molecules at the interface. Hence, the lower
the contact area we can achieve, the lower the adhesion we can have. The measured adhesive strength gradually
increases as the decrease of water-surface apparent contact angle.

The advantages of the textured structure also can be emphasized through the reduction ratio (Fig. 2). The
measurement on treated samples was compared to the one on as-received Al plate and essentially demonstrates
the necessity of surface functionalization process for passive anti-icing applications. Almost textured samples
propose a high reduction ratio even maintain a high contact area than the reference sample. The higher the
contact angle we can yield, the higher the reduction ratio we can achieve. The higher surface energy i.e. lower
contact angle corresponds to the higher affinity for water, finally results in the spreading form of a water droplet
on the surface instead of forming a like-spherical droplet. This formation maintains in the whole freezing process
so it eventually leads to higher ice-surface contact area. These results once again reinforced the importance of
contact area in optimizing anti-icing effectiveness for icephobic applications. It should be noted here that the
contact area parameter only viewed as an index factor when we consider surfaces with the same coating material.

Ice often accumulates on a surface when water comes in contact with the surface that is at temperatures below
the freezing point. This process consumes the energy, hence it is worth considering the work of the adhesion
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Figure 2. The reduction ratio of adhesion strength to as-received AL
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Figure 3. The work of adhesion in correlation with adhesive strength.

parameter, which refers to the work that must be done to separate two adjacent phases. Figure 3 shows the dis-
tribution of adhesive strength against the work of adhesion calculated from our data and relevant research. The
tendency also demonstrates the linear correlation between two investigated terms and once essentially proves
the guiding role of the work of adhesion parameters in anti-icing applications. It should be noted here that the
discussed results were collected from different experiments working on disparate types of materials including
polymer, aluminum, copper but surprisingly illustrated the same tendency.

It is well known that the freezing process occurs by heat transfer from water volume to the cold substrate.
However, to our best knowledge, there was no theoretical model to specifically predict the freezing time for
an anti-icing experiment. In this work, we proposed a heat transfer model that aimed to investigate the whole
freezing process and determine the freezing time. For ease understanding, we assume that water droplet form-
ing on a sub-temperature surface in like-spherical shape in Fig. 4. We first begin by considering freezing a drop
on a flat surface.

When the drop is placed on a flat and sub-cooled surface as shown in Fig. 4, the water drop starts to freeze
from the contact region and the ice-water interface propagates until the water above it changes to ice. Here, the
heat transfer rate q from the interface to the flat surface is

-1

h
q_/kAT— = kAT /%dy (1)

0
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Figure 4. The theoretical model of a water droplet with a contact angle higher than 90° (left), and lower than
90° (right).

where AT = T; — T, k is the conductive coefficient of ice, and A is the interface area at the df examined moment.
They can be defined as

d

sin 6

A= 7r?

= 7R?sin® @; dy = Rsingdy; R =
Because of the heat transfer from the air to water during freezing is so small due to low heat transfer coef-
ficient of air, heat transfer rate g will induce the phase change of the water above the interface to solid-phase:

= pAL dh (2)
q=paly;
With dh = tan ¢dr, p is the density of ice, L is the coefficient of latent heat of fusion, and h is the position of
the water-ice interface from the substrate base.
Combining Eq. (1) and (2) leads to the freezing time of a drop on a surface:

h
pAL 1
0
Then we have
X T d2 2 Rsing
AT sin“ ¢ 1
tpLd - / sin @ / 72‘ dr | dg )
. y=h
T—0 sin (7 —6)

for the water droplet with the apparent contact angle higher than 90°, and

0 Rsing

kAT d? sin? ¢ 1

t = dr | d

pLd / sin @ / r2’ —h i )
0 sin @ y=

for the water droplet with an apparent contact angle lower than 90°.

Where d is the diameter of the contact area between drop and substrate. The left-hand side of the equation
is the non-dimensional freezing time in terms of the material properties of ice (k, p, L) and measured freezing
time ¢, and the right-hand side represents the term that can be solely determined by the final shape of the freez-
ing drop and initial equilibrium contact angle.

Figure 5 describes the theoretical calculation of the non-dimensional freezing time fitting against the experi-
ment results and demonstrates the good agreement. The higher contact angle ensures a higher non-freezing time
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Figure 5. Theoretical calculation of the non-dimensional freezing time and the experiment results.
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Figure 6. The fabrication process of examined samples (a) and SEM images of the surface after etching in

cross-view (b) and top view (c). Reproduced with permission from Nguyen et al.**, © 2018 The Korean Society

of Industrial and Engineering Chemistry.

in alogarithm correlation. Samples in hydrophilic and hydrophobic ranges were both investigated and indicated
the strong dependence on surface wettability. This can be explained qualitatively by the project contact area
between the water droplet and the cold surface. The large contact area induces a significant high heat transfer rate
and described quantitatively using our approach. Of course, the freezing time will be zero when liquid completely
spreads out the surface and reaches infinity when the contact angle is 180 degrees (d=0). It should be noted here
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No Contact angle (°) | Work of adhesion (mN/m) | Adhesive strength (kPa) | Freezing time (s) | Note

#1 20 0.13966 1245 10 Superhydrophilic
#2 45 0.12291 1055 13

#3 75 0.09663 958 15

#4 90 0.072 580 25

#5 120 0.0307 380 30

#6 145 0.01302 230 43

#7 | 159 0.00478 135 55 Superhydrophobic
#8 87 0.07577 1201 18 As-received Al

Table 1. Structural information of examined samples.
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Figure 7. Experiment setup for measuring.

that we neglected convective effect inside the water droplet and the radiation between the water droplet and
ambient air due to a short time experiment and main heat attributed to the conductive heat. Our calculation
proposed the appropriate approach for calculating the freezing time of a sole water droplet on a sub-temperature
substrate in a wide range of surface wettability and contributed to the designing of an icephobic surface.

In this conclusion, we proposed a facile method to prepare the superhydrophobic surface on Al plates for
anti-icing purposes. The treated sample exhibited extremely high anti-icing performance in terms of adhesion
strength and freezing time. Our results were compared with ongoing research works and demonstrated the rela-
tive agreement when high water contact angle and small work of adhesion ensured the low ice-surface adhesion.
Furthermore, we presented a theoretical method to calculate the freezing time from the heat transfer approach.
Experimental results were compared with theoretical prediction and described the good agreement, illustrat-
ing the correctness when considering the freezing time. This insight should lead to an understanding of icing
phenomena and the design of icephobic surfaces.

Methods

The experiments were performed on Al plates produced in our previous work®, since they possess relatively
high thermal conductivity and easy to make micro-nano hierarchical structures with tailored designs. Figure 6
describes the fabrication process and corresponded micro-nanostructure after the etching process. The hierarchi-
cal Al samples were achieved by a wet etching routine. After ultra-sonicated with Ethanol, Iso-Propanol (IPA)
and Aceton in each 15 min, respectively, surfaces are dried with N, flow and followed by dipping inside a solution
contained HCl acid, IPA and DI water for 10 min at 200 °C. Etched samples were then immediately cleaned by
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Figure 8. Icing formation on surfaces with different wettability observed by high-speed camera.

Di-Water and drying by N, flow. The hierarchical sample was then coated with FOTS (Fluoroctatrichlorosilane,
Sigma-Aldrich Inc., Missouri, United States) via vapor phase coating for 1 h, followed by heating at 100 °C for
another 1 h. After coating, the sample presented the perfect water repellent performance with an extremely high
contact angle (159°) and a low sliding angle (below 2°). The other wettability was generated by Ultra Violet/
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Ozone (UVO) treatment with rational exposed time. The wettability of samples was determined using a contact
angle measurement apparatus (Model DM-50, Kyowa Interface Science Co. Ltd., Saitama, Japan) with 5 puL
deionized water droplets. The contact angle (CA) was averaged statistically with at least ten measurements in
independent positions on each sample. The morphology details and structural information of all specimens are
shown in Table 1.

The ice-surface shear stress measurement was performed using a custom-built apparatus . Figure 7
describes the experimental setup model. Samples were carefully attached to a Peltier stage using the Al tape
with high thermal conductivity. A 5uL deionized water drop was tenderly dropped onto the examined surface
before started cooling. The cooling module temperature was maintained at — 10 °C to enable the freezing pro-
cess. It should be noted here that the evaporation process was disregarded because of the short duration of the
experiment (several minutes). A high-speed camera (Photron Ltd.) was used to observe the freezing process, the
temperature evolution, and determined the freezing moment (Fig. 8). The freezing time is defined as the duration
since phase transition occurs until it completes. After the freezing process ended i.e. water droplet completely
solidified, the adhesion strength test took place using a force transducer load cell, which was connected to the
movement apparatus and moving at a quite low speed (50 um/s) to horizontally push the ice droplet. The force
exerted from collision slowly increased and displayed on computer software. The adhesive strength was defined
as the maximum recorded value correspond to the moment ice bulk was detached from the surface.

Received: 8 June 2020; Accepted: 30 December 2020
Published online: 11 February 2021

References
1. Sujata, M., Madan, M., Raghavendra, K., Jagannathan, N. & Bhaumik, S. K. Unraveling the cause of an aircraft accident. Eng. Fail.
Anal. 97,740-758 (2019).
2. Cao, Y., Tan, W. & Wu, Z. Aircraft icing: an ongoing threat to aviation safety. Aerosp. Sci. Technol. 75, 353-385 (2018).
3. Veerakumar, R., Gao, L., Liu, Y. & Hu, H. Dynamic ice accretion process and its effects on the aerodynamic drag characteristics
of a power transmission cable model. Cold Reg. Sci. Technol. 169, 102908 (2020).
4. Borrebzk, P.-O.A,, Jelle, B. P. & Zhang, Z. Avoiding snow and ice accretion on building integrated photovoltaics—challenges,
strategies, and opportunities. Sol. Energy Mater. Sol. Cells 110306, 1-12. https://doi.org/10.1016/j.solmat.2019.110306 (2019).
5. Ryerson, C. C. Ice protection of offshore platforms. Cold Reg. Sci. Technol. 65, 97-110 (2011).
6. Zhao, Z., Chen, H,, Liu, X,, Liu, H. & Zhang, D. Development of high-efficient synthetic electric heating coating for anti-icing/
de-icing. Surf. Coat. Technol. 349, 340-346 (2018).
7. Glagolev, S., Shevtsova, A. & Shekhovtsova, S. Basis for application of new-generation anti-icing materials as an efficient way to
reduce the accident rate on roads in winter. Transp. Res. Procedia 36, 193-198 (2018).
8. Su, Q, Chang, S., Zhao, Y., Zheng, H. & Dang, C. A review of loop heat pipes for aircraft anti-icing applications. Appl. Therm. Eng.
130, 528-540 (2018).
9. Roberge, P, Lemay, J., Ruel, J. & Bégin-Drolet, A. Field analysis, modeling and characterization of wind turbine hot air ice protec-
tion systems. Cold Reg. Sci. Technol. 163, 19-26 (2019).
10. Li, L., Liu, Y., Zhang, Z. & Hu, H. Effects of thermal conductivity of airframe substrate on the dynamic ice accretion process per-
tinent to UAS inflight icing phenomena. Int. J. Heat Mass Transf. 131, 1184-1195 (2019).
11. Bu, X, Lin, G,, Shen, X., Hu, Z. & Wen, D. Numerical simulation of aircraft thermal anti-icing system based on a tight-coupling
method. Int. J. Heat Mass Transf. 148, 119061 (2020).
12. Boreyko, J. B. et al. Dynamic defrosting on nanostructured superhydrophobic surfaces. Langmuir 29, 9516-9524 (2013).
13. Gao, Y. et al. Study on effectiveness of anti-icing and deicing performance of super-hydrophobic asphalt concrete. Constr. Build.
Mater. 191, 270-280 (2018).
14. Hou, W. et al. Anti-icing performance of the superhydrophobic surface with micro-cubic array structures fabricated by plasma
etching. Colloids Surf. A Physicochem. Eng. Asp. 586, 124180 (2020).
15. Nguyen, T.-B., Park, S. & Lim, H. Effects of morphology parameters on anti-icing performance in superhydrophobic surfaces.
Appl. Surf. Sci. 435, 585-591 (2018).
16. Wang, L. et al. Robust anti-icing performance of silicon wafer with hollow micro-/nano-structured ZnO. J. Ind. Eng. Chem. 62,
46-51 (2018).
17. Wang, M. et al. A novel flexible micro-ratchet/ZnO nano-rods surface with rapid recovery icephobic performance. J. Ind. Eng.
Chem. 62, 52-57 (2018).
18. Wen, S. E, Wang, Y. M., Zhang, Z. M. & Liu, Y. L. Application of anti-icing coating based on adsorption of functional substances
by microporous sphere. Prog. Org. Coat. 137, 105320 (2019).
19. Xi, N. et al. Steady anti-icing coatings on weathering steel fabricated by HVOF spraying. Appl. Surf. Sci. 444, 757-762 (2018).
20. Cho, H., Lee, J., Lee, S. & Hwang, W. Durable superhydrophilic/phobic surfaces based on green patina with corrosion resistance.
Phys. Chem. Chem. Phys. 17, 6786-6793 (2015).
21. Chen, Z,, Li, G., Wang, L., Lin, Y. & Zhou, W. A strategy for constructing superhydrophobic multilayer coatings with self-cleaning
properties and mechanical durability based on the anchoring effect of organopolysilazane. Mater. Des. 141, 37-47 (2018).
22. He, S. et al. Formation of superhydrophobic micro-nanostructured iron oxide for corrosion protection of N80 steel. Mater. Des.
160, 84-94 (2018).
23. Qin, Z,, Ai, J., Du, Q, Liu, J. & Zeng, X. Superhydrophobic polytetrafluoroethylene surfaces with accurately and continuously
tunable water adhesion fabricated by picosecond laser direct ablation. Mater. Des. 173, 107782 (2019).
24. Nguyen, T.-B., Park, S., Jung, Y. & Lim, H. Effects of hydrophobicity and lubricant characteristics on anti-icing performance of
slippery lubricant-infused porous surfaces. J. Ind. Eng. Chem. 69, 99-105 (2019).
25. Dotan, A., Dodiuk, H., Laforte, C. & Kenig, S. The relationship between water wetting and ice adhesion. J. Adhes. Sci. Technol. 23,
1907-1915 (2009).
26. Sarkar, D. K. & Farzaneh, M. Superhydrophobic coatings with reduced ice adhesion. J. Adhes. Sci. Technol. 23, 1215-1237 (2009).
27. Meuler, A. ]. et al. Relationships between water wettability and ice adhesion. ACS Appl. Mater. Interfaces 2, 3100-3110 (2010).
28. Zhang, Y., Yu, X., Wu, H. & Wu, J. Facile fabrication of superhydrophobic nanostructures on aluminum foils with controlled-
condensation and delayed-icing effects. Appl. Surf. Sci. 258, 8253-8257 (2012).
29. Farhadi, S., Farzaneh, M. & Kulinich, S. A. Anti-icing performance of superhydrophobic surfaces. Appl. Surf. Sci. 257, 6264-6269
(2011).
30. Kulinich, S. A. & Farzaneh, M. How wetting hysteresis influences ice adhesion strength on superhydrophobic surfaces. Langmuir
25, 8854-8856 (2009).

Scientific Reports |

(2021) 11:3641 | https://doi.org/10.1038/s41598-020-80886-x nature portfolio


https://doi.org/10.1016/j.solmat.2019.110306

www.nature.com/scientificreports/

31. Kulinich, S. A. & Farzaneh, M. Ice adhesion on super-hydrophobic surfaces. Appl. Surf. Sci. 255, 8153-8157 (2009).

32. Nguyen, B. D, Cao, B. X,, Do, T. C., Trinh, H. B. & Nguyen, T.-B. Interfacial parameters in correlation with anti-icing performance.
J. Adhes. https://doi.org/10.1080/00218464.2019.1709172 (2019).

33. Tourkine, P, Le Merrer, M. & Quéré, D. Delayed freezing on water repellent materials. Langmuir 25, 7214-7216 (2009).

34. Zuo, Z. et al. Fabrication and anti-icing property of coral-like superhydrophobic aluminum surface. Appl. Surf. Sci. 331, 132-139
(2015).

35. Yang, J. & Li, W. Preparation of superhydrophobic surfaces on Al substrates and the anti-icing behavior. J. Alloys Compd. 576,
215-219 (2013).

Acknowledgements

This research was funded by Vietnam National Foundation for Science and Technology Development
(NAFOSTED) under grant number 103.02-2019.333. This research was also supported by the National Research
Foundation of Korea (NRF) (NRF-2020R1A2C2100670). Authors appreciate the theoretical support of Dr. Duck-
Gyu Lee (Korea Institute of Machinery and Materials—South Korea).

Author contributions

V.-H.N and B.D.N. equally contributed to this work. V.-H.N and B.D.N. performed experiments and wrote the
manuscript; H.T.P, S.S.L., D.-V.N.V,, M.S., TH.H.V, performed materials characterization; T.-B.N, Q.V.L,, S.Y.K,,
conceived the idea, supervised the project, revised and edited the manuscripts; T.-B.N. and S.Y.K. acquired
research fund. All authors read and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to V.-H.N., T.-B.N., S.Y.K. or Q.V.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:3641 | https://doi.org/10.1038/s41598-020-80886-x nature portfolio


https://doi.org/10.1080/00218464.2019.1709172
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Anti-icing performance on aluminum surfaces and proposed model for freezing time calculation
	Results and discussion
	Methods
	References
	Acknowledgements


