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Abstract. Icing, the phenomenon of the formation and accumulation of ice or frost on a surface due
to the solidification of water droplets at low temperature can be undesirable in many applications.
Surface icing can lead to increased energy consumption in aerospace and automotive applications due
to increased aerodynamic drag. Ice formation can also present a mechanical and electrical safety
hazard, and as such significant work has been done to produce surfaces with anti-icing properties
through surface modification to decrease ice formation and adhesion to surfaces. One route toward
the generation of anti-icing surfaces is through laser surface processing. Laser micro/nano structuring
of surfaces has advanced greatly in recent years due to advancements in laser source technology and
reduction in capital costs for ultrafast femtosecond pulsed machining lasers. Laser material processing
offers a rapid, scalable, and non-contact method for fabricating large area anti-icing surfaces.

In this work, the production of anti-icing surfaces using femtosecond laser micro- and nano-
structuring on aluminum alloy 7075 surfaces was examined. With an aim to optimize the anti-icing
properties of the substrates, laser parameters such as pulse energy, repetition rate and beam scanning
speed were varied to produce highly defined microstructures on the aluminum surface. Various
functional properties such as hydrophobicity and surface roughness are examined.

Introduction

The anti-icing surfaces are an area of great interest because of their significant economic, energy
and safety implications in the prevention of accumulation of ice on the surfaces which interact with
the fluid it is in contact [1]. Ice accumulation on the surfaces of the wings of an aircraft reduces the
performance by 50% and may significantly changes the dynamic characteristics of aircraft and can
be a cause of flight accidents [2,3].It also affects the components such as wind turbine in various
ways, such as including measurement and control errors, increase in power losses, mechanical and
electrical failures and safety hazard [4]. Hence it has been requirement to develop efficient techniques
that can protect solid surfaces from being covered with ice or manufacture such types of surfaces on
which ice cannot accumulate. This problem was first encountered and studied by Raraty et al. and
had presented in research on adhesion and strength properties of ice on surfaces made of different
materials such as metals and plastics. In this study the fundamentals of icing have been described and
various experimental tests have been conducted [5]. The following Fig 1 shows the icing on wings of
airplane and wind turbines.
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Fig. 1. Pictures of icing on an aircraft wing and on wind turbine blades [6,7]. _

Many chemical and physical based strategies are being used to make different types of surfaces
anti icing [8,9]. However, the stability of these surfaces reduces after time. Also due to wear and tear
the chemical coatings are worn out with time especially at changing pressure and temperature
environments. Hence more robust technique is required which will not be affected due to these
aspects.

Till now, many studies have successfully fabricated the superhydrophobic surfaces with anti-icing
property by various methods. Laser machining or surface structuring is a one-step direct fabrication
method that makes it possible to produce features on a micro and or nano scale on essentially any
type of material surfaces. In the review by Volpe et al have described various laser-based techniques
such as direct laser writing, laser-based interference patterning, laser induced periodic surface
structuring. Various materials on which these patterns can be formed are also explained. The effect
of different laser parameters on different material processing is also described. The laser parameters
especially such as fluence, repetition rate, scanning speed affect the most for ice-phobicity. Moreover,
key concept of surface wettability and its relationship with anti-icing is discussed which are icing
delay, interaction between water and the solid surface and further ice adhesion. Out of these the most
important characteristic is the interaction between the surface and water. This can be evaluated by the
wetting behavior. It is normally evaluated by considering the contact angle (CA) which is the angle
(0) between a droplet deposited on the surface and the surface itself. According to the Wenzel theory
stated, the water droplet adapts to the contours of the real solid surface, conforming to the peaks and
valleys of its roughness [10].Hence, the surface properties especially depend on the roughness values
such as and the type of microstructure of the surface which can be evaluated using different measuring
instruments.

Aluminum alloy Al 7075 has excellent property such as high strength, good ductility, toughness,
and good resistance to fatigue, high mechanical capacity and on other hand it is light weight hence it
is used in aviation, mechanical equipment, hydraulic equipment and automotive industry [11]. As the
surface of the aluminum 7075 is not reactive to chemicals as well as it is hard to machine using
conventional methods. In order to achieve high accuracy and quality ultrafast lasers can be used to
produce these [12].

In this work, an experimental study is conducted by using one-step femtosecond laser induced
surface structuring or fabrication of Al 7075 substrate plates and the study is conducted on the surface
morphology, roughness and wettability properties of the processed surfaces. The interaction behavior
between water droplets on self-cleaning stainless steel (SS) was investigated and an attempt is made
to bridge the gap between hydrophobic surface and anti-icing surface.

Material and Methods

Material. The material used in this project was commercially available aluminum alloy 7075 in
form of flat plates with 11036 mm and 3.5 mm thick. The chemical composition of the 7075 alloy
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is as show in the Table 1. Aluminum alloy 7075 has excellent mechanical properties and corrosion
resistance, and it can be used at high range of temperature.

Table 1. Chemical composition of the 7075 aluminum alloy plate feedstock.

Chemical composition | Weight%

Si 0.4

Fe 0.5
Cu 1.6
Mn 0.3
Mg 2.5

Cr 0.15
Zn 5.6

Ti 0.2

Al Balance

Laser Processing. In this study we used ultrafast femtosecond laser (NKT One Five Origami
10XP) that generates 400fs pulses with 1030nm central wavelength at a maximum pulse repetition
rate of | MHz the beam diameter of laser at the focused position was 45 pm.

The substrate was mounted on 4-axis translation stage (Aerotech) and the translation stage was
moved in X-Y direction at variable speed. The laser beam was scanned in form of parallel line pattern.
51 samples of parallel lines with variable hatch distance of 80um, 100pm and 120pum were
manufactured with laser processed area of § mm x 8 mm. The laser pulse energy (12-40 puJ) and
repetition rate (100-300 kHz) were variable with each sample.

Design of Experiments. An experimental design was made using Response surface methodology
with four factors or variables laser pulse energy (12-40 pJ), repetition rate (100-300 kHz), hatch
distance (0.08-0.12mm) and scan speed (1-2 mm/s). This was conducted to find out the explores the
relationships between factors which were the laser parameters and response variables such as contact
angle and the Sa roughness values. This was conducted in order to obtain an optimal laser process
parameters to make antifouling surface based on the roughness and contact angle.

Surface Analysis and Characterization. An optical profilometer (Bruker Contour GT 3D) was
used to measure the roughness of the laser irradiated surface. The area surface texture parameters
such as arithmetical mean height (Sa) roughness values were measured using this technique.

The wetting properties were measured by Contact angle analysis. FTA200 Dynamic Contact Angle
Analyser was used for this. Contact angles describe the shape of a fluid drop in contact with a solid.
contact angles are used to derive adhesion and wettability parameters of the surface.

Results and Discussions

Microstructure. The microstructure analysis was conducted using Keyence 3D digital
Microscope which has magnification range (0.1x - 5000x). This was conducted using high speed
image stitching feature. The figures below show the microstructure which shows laser processed
samples with different hatch distances.
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a.80 um b. 100 pm c. 120 um

Fig. 2. Digital microscope images showing the laser processed surface of different hatch distance.

Surface Roughness. 3D optical profilometer is an instrument which is rapid, nondestructive, and
non-contact type of instrument which is capable of measuring the surface roughness and texture
features on the surface.

The laser micro-machined textures on the surface are in the micro meter range and were analyzed
with different roughness attributes such as arithmetical mean height (Sa), maximum height roughness
(Sz) and root mean square (Sq). In the Fig 3 graphs shows the result plots of the surface roughness
attributes such as root mean square roughness values, arithmatic mean heights and maximum peak
heights.
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Fig. 3. Results of surface roughness attributes of ultrafast laser processed A17075 samples measured
by optical profilometer.

To find the most affecting laser process parameter for the different attributes of the surface
roughness mentioned above the response surface method was used. The below Fig 4 shows that the
laser pulse energy and rep rate were the most important paprametes for roughness attributes such as
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Sa, Sz and Sq roughness values. It was found that the significant process parameters affecting the
roughness values were Laser pulse energy and the repetation rate.
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Fig. 4. Response surface analysis of surface roughness attribute values of 51 samples.

Contact angle. Surface contact angle is normally influenced by surface morphology and chemical
compositions. The contact angle of the water droplet was analyzed using a video-based optical contact
angle-measuring device FTA200 Dynamic Contact Angle Analyser which can calculate many
quantities of interest from the drop shape, including static, equilibrium, capillary, advancing &
receding Contact Angle.

The contact angle was calculated at the point when the drop landed on the surface. The contact
angle test was conducted on the 51 samples which were manufactured using different laser
parameters. The volume of the water droplet was at an average of 13ul at a controlled flow rate of
1.4 ul/s. The flow rate was kept constant, and the droplet was captured as soon as it landed on the
processed surface.

Initially the contact angle on the non-processed stainless-steel sample was observed to be 66.3 °.
The minimum contact angle was noted to be 26.56° showing hydrophilicity. The maximum contact
angle observed was 139.34° showing hydrophobicity.Below Fig 5 shows the results from the contact
angle test.
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Fig. 5. Results of contact angles on unprocessed samples and laser processed samples and response
surface analysis of all 51 samples.

Response surface method was used to find the most influencing laser process parameter for the
contact angle. The results show that two parameters which are repetition rate, and the hatch distance
were the most influencing parameters. shows the relationship between the contact angle numeric
factors such as repetition rate and hatch distance.

Conclusions

Ultrafast pulse laser surface machining of aerospace grade aluminum alloy (Al7075) is
demonstrated. The maximum contact angle observed was 139.3° on the sample 1 which was
manufactured with laser parameters 100 kHz, 30 pJ pulse energy, scan speed of 1.5 mm/s and hatch
distance of 100 pm. The average roughness of this sample was measured to be 0.88 pm.
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The laser process parameters to develop anti icing surfaces were optimized by conducting response
surface analysis of the measured parameters such as surface roughness, contact angle and ice adhesion
which are important in measuring degree of icing. In the future different type of structures can be
investigated using different scan strategies. Ice adhesion tensile test can be conducted in the future
to measure degree of icing on the surface.

Acknowledgements

This publication has emanated from research supported by the European Union’s Horizon 2020
Research and Innovation Program under grant agreement No. 862100 (NewSkin), supported by
Science Foundation Ireland (SFI) under Grant Numbers 16/RC/3872 and is co-funded under the
European Regional Development Fund and by I-Form industry partners.

References

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

M.J. Kreder, J. Alvarenga, P. Kim, J. Aizenberg, Design of anti-icing surfaces: smooth, textured
or slippery?, Nat. Rev. Mater. 2016 11. 1 (2016) 1-15. https://doi.org/10.1038/natrevmats.
2015.3.

A.P. Broeren, S. Lee, C. Clark, Aerodynamic Effects of Anti-Icing Fluids on a Thin High-
Performance Wing Section, Https://D0i.Org/10.2514/1.C033384. 53 (2015) 451-462.
https://doi.org/10.2514/1.C033384.

Y. Cao, Z. Wu, Y. Su, Z. Xu, Aircraft flight characteristics in icing conditions, Prog. Aerosp.
Sci. 74 (2015) 62-80. https://doi.org/10.1016/J.PAEROSCI.2014.12.001.

O. Parent, A. Ilinca, Anti-icing and de-icing techniques for wind turbines: Critical review, Cold
Reg. Sci. Technol. 65 (2011) 88-96. https://doi.org/10.1016/J.COLDREGIONS.2010.01.005.

The adhesion and strength properties of ice, Proc. R. Soc. London. Ser. A. Math. Phys. Sci. 245
(1958) 184-201. https://doi.org/10.1098/RSPA.1958.0076.

Discoveries on Ice - Flight Safety Foundation, (n.d.). https://flightsafety.org/asw-
article/discoveries-on-ice/ (accessed December 5, 2021).

R. Barati-Boldaji, M. Komareji, Techniques of Identifying Icing and De-Icing of Wind
Turbines, Signal Process. Renew. Energy. 1 (2017) 27-35.
http://spre.azad.ac.ir/article 535264.html (accessed December 5, 2021).

J. Lv, Y. Song, L. Jiang, J. Wang, Bio-Inspired Strategies for Anti-Icing, ACS Nano. 8 (2014)
3152-3169. https://doi.org/10.1021/NN406522N.

L.B. Boinovich, A.M. Emelyanenko, Anti-icing Potential of Superhydrophobic Coatings,
Mendeleev Commun. 23 (2013) 3—10. https://doi.org/10.1016/J. MENCOM.2013.01.002.

A. Volpe, C. Gaudiuso, A. Ancona, Laser fabrication of anti-icing surfaces: A review, Materials
(Basel). 13 (2020) 1-24. https://doi.org/10.3390/ma13245692.

S.W. Kim, D.Y. Kim, W.G. Kim, K.D. Woo, The study on characteristics of heat treatment of
the direct squeeze cast 7075 wrought Al alloy, Mater. Sci. Eng. A. 304-306 (2001) 721-726.
https://doi.org/10.1016/S0921-5093(00)01594-X.

S. Lei, X. Zhao, X. Yu, A. Hu, S. Vukelic, M.B.G. Jun, H.E. Joe, Y. Lawrence Yao, Y.C. Shin,
Ultrafast Laser Applications in Manufacturing Processes: A State-of-the-Art Review, J. Manuf.
Sci. Eng. Trans. ASME. 142 (2020). https://doi.org/10.1115/1.4045969.



