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Fig. 1 Schematic of nanosecond laser etching silicon rubber surface processing system. (a) Laser processing system;

(b) laser scanning method

WOk SE e HE A 200 ns EBEE 42K 50 pm il
T A R B 1 T 6 RS By, O PRI RE AR R T O
AE A B 2P OB BEAE XY J7 ) bR $5 R 1Y
70 Y6 R AN T B0 R B %8 B2 0 ik A5 K 3K T ok
Fr 0.
2.2 BHOLRIH R R E HYR E T

7S S g 0 A A% R S T Y 4 Ak R ANUR B0 A

170

@

160 | o " &
Oca=161°

150 -
140 -
130 -

Contact angle /(°)

120 -

110

100

0 25 50 75 100 12,5 15.0 17.5 20.0
Fluence /(J-cm2)

XiF 2% 2% TR M R AT SR AE . M KRG B RE A 3R
i, B A HLONAVITAR 1-6010) HUBCHA 48 , 322 ik
R 2 1 1Y K/ B Drop Meter 43 A1 42 B
R s B = R/ R = B I N DR B R N A
9 pL, MRS 7E A L R A 5 AR R & R AT
T 2 Ml ff A 4 SR AN R 2 ) IR IR B A Y
D 25 R E 2 (b Fis

4

(®)

1r  cannot roll off

Rolling-off angle /(°)
[\

7.5 8.0 8.5 9.0 9.5 10.0
Fluence /(J-cm2)

P 2 7 [R] 9t A e 2 B2 A B A 4R AR 2 TR 2 Ak A RR Bl AR . (O Ak 5 (D) IR B A

Fig. 2 Contact angle and rolling-off angle on silicone rubber surface treated with different energy densities. (a) Contact

angle; (b) rolling-off angle
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Fig. 3 EDS spectra of silicone rubber surface after laser etching with different laser fluences

MR BR T A T R AL AR AR A O 20 iR
FH N BEAR IS 32 181 2 45 72 A2 T S8 K 5B K 1 b 2% B
AT, 2 7T B S 3O R R AR AR A — A DR
R AR SO — 20 2R F A B I 2 8 o D 4 S U 21 41
JETE VR (ATR-FTIR) X 30O 20 1l J5 R EAR I 2 18 19 1k
ORI GEAT T A8, 458 3] T O RO BE %
Ab 3T A RE AR IS R TH R S, A&l 4 R .

M FTIR S6 3% nl LLE B, A0 46 B 4R 6 45 I 72
PN F 4% RE B 22 10T 76 3600 cm ! Ak 35 UK 1 3 L L 1A
(—OH) 5 2950 em ' &b i /K H B BE 3L A (— CH,)
i iy 1 3% D6 2 24 oK e 2R AR A L R WO X RE AR K
FT Y 20 PR T IE R S 3O oA TP R AR AL A
LAY A BB % . i B B O RE B 1 AR Ak #5016
TR B I FE 1060 em B & AR T RN ES L S

2.5

—15.0J-cm™
12.5J-cm™
----- 10.0 J-cm™
20F --75J-cm
----- no exposure
- -OH
< L
S 1.5
=
g . 3700 3650 3600 3550 3500
FER N S i e
1]
g
[T S R (N ——
05F N
1) — S -

PR UT S [N SR ST U SN NN SN ST ST S [N SN ST S S T S ST N S TS S S N N S '
3500 3000 2500 2000 1500 1000
Wavenumber /cm™!
[ 4 K [) BE i 25 BE O 20 s AR R T FTIR J6i%
Fig. 4 FTIR spectra of silicon rubber surface after laser

etching with different laser fluences
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Abstract

Objective Silicone rubber has been widely used in aerospace and power transportation because it has stable and
reliable physical properties. However, the hydrophobicity of its surface should be improved to enhance its stability in
practical applications. This property can be improved more quickly and effectively by laser etching than by surface
coating, plasma processing, imprinting, and other methods. Various surface microstructures can also be obtained
through laser etching. The main factor that causes the change in hydrophobicity is the rough microstructure on
silicone rubber surfaces after laser irradiation. However, the specific influence of its surface morphology on
hydrophobicity has not yet been confirmed. Fractal dimension is a measure to characterize the irregularity of complex
shapes, which can indicate the effectiveness of the space occupied by complex shapes, and has been widely used in
studies on the physical properties of rough surfaces. Therefore, in this study, fractal theory and fractal dimension
are introduced to explore the rough structure and geometric characteristics of silicone rubber surfaces after laser
etching, establish their association with surface hydrophobicity, and provide a method for explaining the change in
the wettability of rough surfaces.

Methods A silicone rubber surface was etched with an SPI nanosecond fiber laser at a maximum power of 70 W and
a wavelength of 1064 nm. Silicone rubber surfaces in different wetting states were obtained by modifying the laser
fluence. The wettability of the surfaces was characterized by measuring their contact and rolling angles. Fourier
transform attenuated total reflection infrared spectroscopy (ART-FTIR) and energy dispersive spectromete (EDS)
were then conducted to detect the chemical elements and groups on the sample surfaces, and the influence of
chemical factors on surface wettability was excluded. After the rough surface microstructure was determined as the
main cause of the change in wettability, the contour curves of the sample surfaces collected with a white light
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interferometer ( BRUKE, ContourGT-KO) were drawn to calculate the fractal dimension. Combined with the
scanning electron microscope(SEM) micrograph of the sample surfaces, fractal theory was introduced to analyze the
micro-nanocomposite structures produced on the laser-etched silicone rubber surface.

Results and Discussions Laser treatment could significantly improve the hydrophobicity of the silicone rubber
surface. The surface of the untreated silicone rubber exhibited a weak hydrophobicity with contact and rolling angles
of ~110° and >90°, respectively. As the laser energy input increased, the contact angle of the silicone rubber
surface increased rapidly. When the laser fluence increased to 10 J/cm®, the contact angle increased to ~ 160°,
whereas the rolling angle decreased to ~3°. ART-FTIR and EDS revealed that the input laser energy did not induce
the changes in the chemical elements and groups on the silicone rubber surfaces. The surface wettability of the laser-
treated silicone rubber was mainly determined by its three-dimensional microstructure. The silicone rubber surface
was pyrolyzed locally when the laser fluence was low. Consequently, a coarse structure with a high self-similarity
and a composite state of large and small particles formed, thereby improving the fractal dimension of the surface and
slightly increasing the surface hydrophobicity. As the laser fluence increased, the large particles on the silicone
rubber were pyrolyzed to the micro-nanoparticles, which reduced the fractal dimension of the silicone rubber surface.
Droplets were only in contact with the convex surface of the small particles on the surface, creating a
superhydrophobic surface. As the laser fluence further increased, a plate-like structure with trenches was produced
because of thermal effects, and the roughness of the processed surface increased. When the balance between the
inputted laser energy and the surface pyrolysis of silicone rubber was reached, the rough structure of the surface no
longer changed significantly. As a result, a stable superhydrophobic surface with a high self-similarity was created.

Conclusions When silicon rubber is etched with a nanosecond laser, the chemical element composition and groups
on the surface do not vary significantly, and wettability changes mainly because of the surface microstructure.
Therefore, the fractal characteristics of the rough structure of the laser-treated silicone rubber surface are analyzed
to establish the relationship between surface microstructure characteristics and hydrophobicity. As the laser fluence
increases, the highest fractal dimension of 1.65 is obtained when the silicone rubber surface is irradiated with a laser
fluence of 7.5 J/cm’. A micro-nanocomposite structure with a high self-similarity simultaneously appears on the
surface of the silicone rubber, thereby improving its hydrophobic properties. When the laser fluence further
increases to 10 J/cm®, the large particles on the silicone rubber surface become refined into small particles and
disperse on the surface. Consequently, the surface roughness of the silicone rubber and the fractal dimension
decrease to 4-5 pm and 1.40, respectively. As a result, the contact state between the silicone rubber surface and
the water droplets transforms from a Wenzel model to a Cassie model. In other words, the processed surface changes
from a hydrophobic state to a superhydrophobic state. When the laser energy fluence further increases, the fractal
dimension increases again and stabilizes at about 1.55. When the silicone rubber is irradiated with larger laser
energy, small micro-nano particles continue to be generated on the surface. These small micro-nano particles are
continuously stacked on the basis of the original particles, thereby forming a composite structure with a high self-
similarity again. However, when the balance between the rate of the thermal cracking of the large particles and the
formation of the small micro-nano particles is obtained, the self-similarity of the surface micro-nano structure no
longer changes, and the surface hydrophobicity remains stable. Therefore, the analysis of the fractal characteristics
of the micro-nano structure on the silicone rubber surface after laser etching helps establish the relationship between
surface structure and hydrophobicity. It also provides a basis for rapidly preparing superhydrophobic silicone rubber
surfaces and regulating their surface microstructure.
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