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In this study, we explored the effects of etching on the surface properties and tribological performance 
of silicone rubber for hydrogen compressor applications. Ceramic particle-coated silicone rubber 
specimens were etched using a solution of nitric acid and ammonium fluoride for different durations. 
XRD and Raman analyses confirmed that the etching process did not alter the crystalline structure and 
molecular bonding of the PDMS matrix. EDS analysis revealed changes in surface composition after 
etching. The findings demonstrated that extended etching times resulted in the formation of complex 
surface structures, profoundly modifying the topography and wettability of silicone rubber. These 
surface alterations influenced the interfacial adhesion with ceramic coatings. However, prolonged 
etching reduced the optical transparency. Compared to bare PDMS, the ceramic-coated specimens 
showed enhanced wear resistance. Tribological investigations revealed an initial increase in the friction 
coefficient with increasing etching duration, followed by a slight decrease for the 30-minute etched 
specimen. Wear analysis indicated that longer etching times resulted in more severe wear tracks, 
implying increased surface damage and material loss.
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1. Introduction
Hydrogen has emerged as a promising clean energy 

source because of its high energy density and low carbon 
emissions during combustion1,2. Efficient and reliable hydrogen 
storage and transportation systems are essential to facilitate 
the widespread application of hydrogen energy3. Hydrogen 
compressors play a crucial role in storing and transporting 
high-pressure compressed gases, and their performance 
and lifespan are determined by the mechanical strength and 
corrosion resistance of their components4,5. These components 
are exposed to harsh operating conditions such as high 
pressure, high temperature, and corrosive environments, 
which can lead to premature failure and reduced compressor 
efficiency. Silicone rubber, a commonly used material for 
sealing compressors, is known for its excellent corrosion 
resistance, thermal stability, and elasticity6-9. Although it has 
high gas permeability compared to other elastomers, silicone 
rubber has excellent heat resistance, chemical resistance, 
and elasticity, making it suitable for the harsh operating 
conditions of hydrogen compressors10. Silicone rubber can 
maintain stable properties over a wide temperature range and 
exhibits good resistance to acidic and basic environments7. 
In addition, silicone rubber’s low Young’s modulus and high 
elasticity help improve the sealing performance and reduce 
friction between the compressor parts11.

These properties make silicone rubber an ideal material 
for maintaining compressor seals, preventing leakage, and 
ensuring an efficient operation. However, silicone rubber is 

prone to wear when in contact with other components such 
as pistons and cylinders, which can result in leakage and 
performance degradation12.

To address these issues, various surface modification 
techniques have been investigated to improve the durability and 
friction performance of silicone rubber without compromising 
its corrosion resistance13-15. Surface texturing and coating have 
been explored as potential methods to enhance the surface 
properties of silicone rubber. Among these approaches, 
coating with ceramic materials has proven effective in 
improving the mechanical strength and wear resistance of 
silicone rubber16,17. Incorporating ceramic particles onto the 
silicone rubber surface can not only enhance the mechanical 
properties by forming a coating layer but also act as a mask 
during the etching process, creating specific surface roughness 
and texture. Furthermore, the presence of coating particles 
on the surface can modify the contact mechanics and stress 
distribution at the interface, thereby reducing local stresses 
that can cause material wear18.

However, the influence of optimal coating conditions 
and subsequent surface treatments on the friction and wear 
behaviors of silicone rubber has not been investigated from 
the perspective of hydrogen compressor applications.

The surface modification through ceramic particle coating 
and etching applied in this study has the potential to improve the 
gas barrier properties of silicone rubber. The micro/nanostructures 
formed on the surface can complicate the diffusion paths of 
gas molecules and reduce the gas permeability19. In addition, 
the oxidation of silicone rubber during the etching process *e-mail: kimcl@chosun.ac.kr
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can result in the formation of polar groups on the surface, 
which reduces the gas solubility20. Therefore, if the gas barrier 
properties of silicone rubber can be improved through surface 
modification, its suitability as a seal material for hydrogen 
compressors can be further enhanced.

Among the various subsequent surface treatment 
processes, etching has been employed to create micro/
nanoscale surface structures on various materials, including 
polymers and ceramics, to improve the surface properties 
and friction performance. The formation of these surface 
microstructures can increase the surface roughness and 
create additional hierarchical structures in the coating layer, 
thereby reducing direct contact between the sliding surfaces 
and mitigating wear.

Previous studies have demonstrated the effectiveness of 
surface texturing through etching in enhancing the frictional 
properties of various materials. Mei et al. proposed a method 
for creating surface structures on molds via chemical etching21. 
They etched the surface of the Cr12 samples to form various 
surface structures and investigated their surface morphology 
and wear resistance. The study found that etched surfaces could 
effectively reduce the friction coefficient of molds under high-
load conditions, with a maximum friction coefficient reduction 
rate of 49.5%. Mirmohammadi et al. conducted a study on the 
fabrication and characterization of PDMS/Cu composites22. 
The PDMS/Cu composites were fabricated by replicating the 
microstructures of the etched aluminum substrates. To confirm 
the durability of the fabricated composites, stretching, wear, 
and bending tests were performed, and the wear resistance 
due to changes in the surface structure was analyzed through 
friction tests. The study found that the wear resistance of the 
surface changed when the number of friction cycles exceeded 
1,500, with a notable decrease in the wear resistance observed 
at friction cycles above 3,000.

Although these studies demonstrate the potential of 
surface modification techniques, the specific effects of etching 
parameters, such as etching time, on the surface properties 
and tribological performance of ceramic-coated silicone 
rubber remain to be explored in detail. Understanding these 
relationships is crucial for guiding the optimization of etching 
processes for silicone rubber components in demanding 
applications, such as hydrogen compressors.

This study aimed to investigate the influence of etching 
time on the surface characteristics and tribological behavior 

of ceramic-coated silicone rubber. By systematically varying 
the etching duration and characterizing the resulting surface 
morphology, roughness, wettability, and friction/wear properties, 
we sought to elucidate the underlying mechanisms and potential 
optimization strategies for silicone rubber components in 
hydrogen compressors. Through achieving these objectives, 
the results of this study will provide valuable fundamental 
data for the design and development of surface engineering 
technologies for silicone rubber components in hydrogen 
compressors and related applications. Optimizing surface 
modification conditions can lead to the design of silicone 
rubber surfaces with improved durability, enhanced friction/
wear characteristics, and maintained corrosion resistance, 
ultimately contributing to more efficient and sustainable 
hydrogen storage and transportation systems.

2. Experimental Details

2.1. Materials
In this study, a combined fabrication approach involving a 

ceramic coating and etching was employed to produce silicone 
rubber with various surface structures. Figure 1 illustrates a 
schematic of the specimen fabrication process used to create 
different surface structures on silicone rubber. The silicone 
rubber base and curing agent (Sylgard 184, DOW Hitech, 
Goyang, Republic of Korea) were mixed at a weight ratio of 
10:1, and a heat-curing method was used. First, after mixing 
the silicone rubber base and curing agent, the mixture was 
heated at 70 °C for 10 min, and ceramic particles (iM30K, 
3M, Seoul, Republic of Korea) were coated on the surface of 
the silicone rubber. Subsequently, the specimens were heated 
to 70 °C for approximately 2 h to achieve a complete curing. 
The ceramic particles coated on the silicone rubber surface 
are spherical ceramic particles with diameters of 10-30 μm, 
which have high mechanical strength and wear resistance.

An etching process was employed to form micro-/
nanostructures on the surface of the silicone rubber. The 
etching solution was prepared by mixing 35 wt% nitric acid 
(HNO3, Sanchun Chemicals Co. Ltd., Pyeongtaek, Republic 
of Korea) and ammonium fluoride (NH4HF2, Sanchun 
Chemicals Co. Ltd., Pyeongtaek, Republic of Korea) in a 
2:1 weight ratio. The ceramic particle-coated silicone rubber 
was etched in the etching solution for 1, 5, 10, and 30 min, 
immersed in deionized water, and subjected to ultrasonic 

Figure 1. Schematic of specimen fabrication process using ceramic coating and etching.
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treatment for 15 min. The specimens were then dried in a 
convection oven for approximately 1 h.

2.2. Experiments
Low-voltage scanning electron microscopy (LV-SEM; 

JSM-IT300, Jeol, Tokyo, Japan) was employed to analyze 
the surface morphology of the silicone rubber specimens 
according to the etching time. The chemical composition of 
the etched surfaces was investigated using energy-dispersive 
X-ray spectroscopy (EDS) coupled with the LV-SEM.

X-ray diffraction (XRD; Empyrean, Panalytical, Malvern, 
UK) analysis was conducted to identify the crystalline phases 
present in the ceramic coating layer and to assess the changes in 
the crystal structure induced by the etching process. The XRD 
patterns were recorded using Cu Kα radiation (λ = 1.5406 Å) 
in the 2θ range of 5-30° with a step size of 0.01°.

Raman spectroscopy (Dimension Edege, Bruker, Texas, 
USA) was performed to characterize the molecular structure 
and bonding states of the silicone rubber and ceramic coating.

The surface wettability of silicone rubber was evaluated 
using contact angle measurements. A 10 μL droplet of 
deionized water was placed on the specimen surface, and 
the angle formed by the water droplet was measured. The 
contact angle was averaged from the measurements obtained 
at five or more locations on each specimen.

To assess the effect of the etching time on the surface 
morphology of the silicone rubber, the surface roughness was 
measured using a 2D profilometer (SV-2100M4, Mitutoyo Co., 
Ltd., Kawasaki-shi, Japan). A stylus with a tip radius of  2 μm 
was used to scan a length of 2 mm on the specimen surface 
at a speed of 0.5 mm/s and a load of 0.75 mN. The average 
surface roughness (Ra) was calculated from three measurements 
obtained from different locations on each specimen.

The optical properties of the silicone rubber specimens 
were investigated using a UV-visible spectrophotometer (Libra 
S22, Biochrom Ltd., Cambridge, UK) in the wavelength 
range–300-900 nm. To evaluate the effect of the etching 
time on the optical transparency of the silicone rubber, the 
transmission spectra of the specimens were recorded.

The friction and wear characteristics of silicone rubber 
were evaluated using a reciprocating sliding-type friction 
tester (RFW 160, NEOPLUS Co., Ltd, Daejeon, Republic of 
Korea). A 220-grit sandpaper with a diameter of 2 mm was 
used as the countertip to simulate the rough surfaces of the 
piston and cylinder in a hydrogen compressor. The rough 
surface of the sandpaper was selected to represent the worst-
case scenario, where the piston or cylinder surface might 
have been damaged or worn, leading to increased surface 
roughness and abrasive wear. The tests were conducted 
under a vertical load of 20 mN, a sliding distance of 2 mm, 
and a sliding speed of 4 mm/s for 2,000 cycles. The friction 
coefficient was continuously recorded during the test and the 
average friction coefficient for each specimen was calculated. 
After the friction test, the wear morphology of the silicone 
rubber was analyzed using a scanning electron microscope.

All experimental measurements (contact angle, surface 
roughness, optical properties, and friction/wear tests) were 
repeated at least three times under identical conditions, and 
the average values were used for analysis.

3. Results and Discussion
The chemical effects of the etching process on the silicone 

rubber surface can be inferred from the composition of the 
etching solution, which contains nitric acid (HNO3) and 
ammonium fluoride (NH4HF2). During the etching process, 
nitric acid may oxidize the silicone rubber, leading to the 
formation of polar functional groups, such as silanol (Si-
OH), on the surface23. These polar groups can contribute 
to the observed changes in the wettability by increasing 
the surface energy of the etched specimens. Additionally, 
the ammonium fluoride in the etching solution may react 
with the silicone rubber, leading to the formation of soluble 
silicon fluoride compounds and subsequent dissolution of the 
silicone matrix. This selective dissolution process can result 
in the formation of micro- and nanoscale surface features. 
The combined effects of surface oxidation and dissolution 
during the etching process can significantly alter the surface 
chemistry and morphology of silicone rubber, ultimately 
influencing its wettability and tribological behavior.

As shown in Figure 2, the LV-SEM images reveal the 
evolution of the surface morphology of the silicone rubber 
as a function of the etching time. The bare PDMS specimen 
exhibited a remarkably smooth surface morphology, with no 
discernible surface features or irregularities. This observation 
is consistent with the inherent characteristics of PDMS, which 
is known for its excellent surface smoothness and low surface 
roughness. The absence of any surface structures on the bare 
PDMS serves as a reference point for evaluating the effects 
of the ceramic coating and subsequent etching process on 
the surface morphology of the silicone rubber specimens.

The unetched silicone rubber specimen appeared to 
have a relatively rough surface, with only ceramic particles 
observed on the silicone rubber surface. This indicated that 
the ceramic particles coated on the silicone rubber surface 
significantly altered the overall topography. The surface 
of the specimen etched for 1 min exhibited microstructure 
development. Small pits and grooves were observed, suggesting 
that the etching process began to selectively remove silicone 
material around the ceramic particles. The specimen etched 
for 5 min exhibited a more pronounced surface texture, with 
the formation of a network of interconnected microscale 
structures. As etching progressed, more complex and irregular 
surface morphologies were formed. After 10 min of etching, 
the surface structure became much more intricate with the 
development of both the micro/nanoscale features. The images 
reveal a highly porous and hierarchical surface topography, 
indicating that the silicone rubber was substantially removed 
by etching, resulting in a considerably rough surface. For the 
specimen etched for 30 min, the surface structure became 
even more complex with the development of the micro/
nanoscale features. The images show a highly porous and 
hierarchical surface topography, suggesting that the silicone 
rubber was extensively removed by etching, leading to an 
extremely rough surface. The specimen etched for 30 min 
exhibited a significant increase in the complexity of its 
surface structure. The surface is covered with a dense array 
of micro/nanosized features, creating an extremely irregular 
and textured morphology24. Extensive etching resulted in the 
formation of a highly porous and irregular surface.
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Overall, the SEM images demonstrate the gradual 
evolution of the surface structure as a function of etching 
time. The surface progressively transformed into a complex 
and hierarchical topography with the formation of micro/
nanoscale features. This evolution is a direct result of the 
selective removal of the silicone material during the etching 
process, which is facilitated by ceramic particle coating. The 
degree of surface structuring can be controlled by adjusting 
the etching time, enabling the fabrication of silicone rubber 
with a wide range of surface morphologies.

Figure 3 presents the EDS analysis results, revealing the 
elemental composition of the silicone rubber specimens at 
different stages of the fabrication process. The bare PDMS 
specimen exhibited a composition of 48.89 wt% carbon, 25.9 
wt% oxygen, and 25.21 wt% silicon, which is consistent with 
the typical composition of PDMS. However, the ceramic 
particle-coated specimen (Non) showed an increase in the 
silicon content, reaching 44.98 wt%, accompanied by a slight 
decrease in the carbon content. This increase in silicon content 
can be attributed to the presence of the ceramic particles, 
which are primarily composed of silicon-based compounds.

The etched specimens demonstrated a different trend in 
their elemental composition. Although the silicon content in 

the etched specimens remained higher than that of the bare 
PDMS, it decreased to approximately 37 wt% compared to 
the non-etched specimen. This decrease in silicon content 
after etching might be due to the partial removal of the 
ceramic particles during the etching process or the exposure 
of the underlying PDMS matrix.

The EDS analysis did not detect the presence of fluorine 
or nitrogen in the etched specimens. This finding suggests 
that the etching process and subsequent cleaning steps did 
not introduce any impurities into the composite material. 
The absence of these elements indicates the stability and 
purity of the fabricated silicone rubber composites, even 
after undergoing the etching treatment.

Figure 4 presents the XRD patterns of the Bare, Non, 1 
min, and 30 min silicone rubber specimens. All specimens 
exhibited a distinct peak at approximately 11°, which can be 
attributed to the crystalline structure of the PDMS matrix. 
The presence of this peak in all specimens, regardless of the 
surface modification process, suggests that the underlying 
PDMS structure remains largely unaffected by the ceramic 
coating and etching treatments.

The similarity in the XRD patterns among the specimens 
indicates that the ceramic coating and etching processes do 

Figure 2. SEM images of silicone rubber specimens according to etching time.
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not induce significant changes in the crystalline structure 
of the silicone rubber. The absence of additional peaks or 
shifts in the peak positions further supports the idea that the 
surface modifications primarily affect the surface morphology 
and composition of the specimens without altering the bulk 
crystalline structure.

These XRD results are consistent with the expected 
behavior of silicone rubber composites, where the PDMS 
matrix maintains its inherent crystalline structure while 
the surface modifications, such as ceramic particle coating 
and etching, primarily influence the surface properties and 
topography. The stability of the crystalline structure across 
different specimens highlights the compatibility and structural 
integrity of the fabricated silicone rubber composites.

Figure 5 displays the Raman spectra of the Bare, Non, 1 
min, and 30 min silicone rubber specimens. All specimens 
exhibited characteristic peaks at 613, 706, 1,258, 1,409, 2,903, 
and 2,963 cm−1, which can be assigned to the vibrational 
modes of the PDMS matrix25. The presence of these peaks 
in all specimens confirms that the molecular structure of the 
PDMS remains largely unaffected by the ceramic coating 
and etching processes.

However, the Non specimen showed a notable decrease in 
the overall intensity of the Raman peaks compared to the other 
specimens. This decrease in intensity can be attributed to the 
presence of the ceramic particles on the surface, which may 
attenuate the Raman signal of the underlying PDMS matrix. 
The ceramic particles can scatter or absorb the incident laser 
light, reducing the amount of light that reaches the PDMS and 
subsequently decreasing the intensity of the Raman peaks.

Figure 3. EDS analysis results of silicone rubber specimens with different surface conditions.

Figure 4. XRD patterns of silicone rubber specimens with different 
etching times.
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The similarity in the peak positions among the specimens 
suggests that the ceramic coating and etching processes do 
not induce significant changes in the molecular structure or 
bonding states of the PDMS. The consistent peak positions 
indicate that the surface modifications do not alter the 
fundamental vibrational modes of the silicone rubber.

These Raman results complement the XRD findings, 
confirming that the surface modifications primarily affect 
the surface properties and morphology of the silicone rubber 
specimens without significantly altering the bulk molecular 
structure. The decreased intensity observed in the Non 
specimen highlights the influence of the ceramic particles 
on the Raman signal, while the overall similarity in peak 
positions demonstrates the stability and compatibility of the 
fabricated silicone rubber composites.

As shown in Figure 6, the wettability of the silicone rubber 
specimens was evaluated by contact angle measurements. 
The bare PDMS specimen exhibited a water contact angle of 
105.75°, which is consistent with the intrinsic hydrophobic 
nature of PDMS. This hydrophobicity arises from the low 
surface energy of PDMS due to its methyl groups (CH3) 
present on the surface. In contrast, the non-etched specimen 
exhibited a higher water contact angle of 154°, indicating 
a superhydrophobic surface. This superhydrophobicity can 
be attributed to the hierarchical roughness introduced by 
the ceramic particles on the silicone rubber surface, which 
can trap air pockets and reduce the contact area between the 
water droplet and surface26. However, the etched specimens 
exhibited a significant decrease in the contact angle, with 
values ranging from 103° to 104°. This reduction in contact 
angle suggests a transition from a superhydrophobic to a 
less hydrophobic state, closer to the intrinsic wettability of 
smooth PDMS (contact angle ≈ 109°)27,28.

The observed changes in wettability can be explained 
by considering the interplay between the surface roughness 
and surface chemistry. The initial superhydrophobicity of the 
non-etched specimen is a result of the hierarchical roughness 
created by the ceramic particles, which can promote a 
Cassie-Baxter wetting state, where air pockets are trapped 
beneath the water droplet29. In the initial stages of etching, 
the ceramic particles acted as a mask, inducing non-uniform 
etching. As etching progressed, the particles were gradually 

removed, resulting in the formation of micro-scale roughness 
and texture on the silicone rubber matrix. These surface 
morphology changes promoted the transition to a Wenzel 
state30. Additionally, the etching process may alter the surface 
chemistry of silicone rubber by introducing polar functional 
groups (e.g., hydroxyl and carboxyl), further contributing 
to the reduction in hydrophobicity31.

It is important to note that the relationship between surface 
roughness and wettability is complex and depends on factors 
such as surface chemistry, surface morphology, and specific 
wetting regime (Cassie-Baxter or Wenzel)32. In this study, 
the observed decrease in the contact angle after etching can 
be attributed to the combined effects of the reduced surface 
roughness, removal of hydrophobic ceramic particles, and 
potential changes in surface chemistry.

As shown in Figure 7, the surface roughness analysis 
revealed that the bare PDMS specimen exhibited a relatively 
low surface roughness, with an average surface roughness 
(Ra) of 0.078 μm. In contrast, the surface roughness analysis 
revealed that the surface roughness of the non-etched 
specimen was relatively high, owing to the presence of 
ceramic particles on the silicone rubber surface. The average 
surface roughness (Ra) was 1.49 μm for the non-etched 
specimen, while it ranged from 0.08 μm to 0.24 μm for the 
etched specimens. After short etching times (1 and 5 min), 
the surface roughness decreased significantly, suggesting 
the partial removal of the ceramic particles. This decrease 
in roughness can be attributed to the etching solution 
selectively attacking the silicone rubber matrix around the 
ceramic particles, leading to detachment from the surface. 
However, as the etching time was increased to 10 and 30 
min, the surface roughness increased again, surpassing that 
of the short-etched specimen. This increase in roughness 
at longer etching times can be ascribed to the formation of 
more complex surface morphologies with the development of 
micro- and nanoscale features on the silicone rubber surface33. 
Prolonged exposure to the etching solution removed the 
ceramic particles and selectively etched the silicone rubber 
matrix, creating a highly textured and hierarchical surface 
structure. The size, shape, and distribution of these surface 
features vary depending on the etching conditions such as 
the composition of the etching solution, etching time, and 
temperature.

Figure 5. Raman spectra of silicone rubber specimens with different 
etching times.

Figure 6. Contact angles of silicone rubber specimens with different 
etching times.
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The evolution of surface roughness with etching time can 
be further understood by considering the role of the ceramic 
particles in the coating layer. The initial high surface roughness 
of the non-etched specimen was primarily due to the presence 
of these hard, micrometer-sized particles protruding from 
the silicone rubber surface. As the etching process began, 
the acidic solution preferentially attacked the silicone rubber 
matrix surrounding the ceramic particles, leading to their 
gradual detachment and a subsequent decrease in surface 
roughness. However, as the etching time increased, the 
exposed silicone rubber surface underwent further erosion 
and texturing, resulting in the formation of intricate micro- 
and nanoscale features that contributed to the increased 
surface roughness observed for longer etching durations.

As shown in Figure 8, the UV-VIS spectroscopy results 
revealed that the transmittance values of the bare PDMS 
specimen were similar to those of the 1 min and 5 min 
etched specimens, particularly in the visible-light region. 
The high transmittance of the bare PDMS can be attributed 
to its inherent optical clarity and transparency, which is a 
well-known characteristic of PDMS materials.

However, the non-etched specimen exhibited lower 
transmittance values compared to the bare PDMS and etched 
specimens. This reduction in transmittance can be ascribed 
to the presence of ceramic particles on the surface, which 
can scatter and absorb incident light, thereby reducing the 
overall optical transparency of the specimen.

The transmittance values of the etched specimens initially 
increased compared to the non-etched specimen, approaching 
the values of the bare PDMS for the 1 min and 5 min etched 
specimens. This increase in transmittance suggests that the 
etching process effectively removes the ceramic particles 
from the surface, reducing the scattering and absorption of 
light and enhancing the optical transparency.

However, as the etching time increased to 10 and 
30 min, the transmittance values gradually decreased, 
indicating a reduction in optical transparency. This decrease 
in transmittance can be attributed to the formation of micro/
nanoscale structures on the etched surface, which can scatter 
and absorb incident light34. The surface features generated 
by prolonged etching can trap light, increasing the optical 
path length and promoting absorption, leading to a decrease 
in the overall transmittance.

Figure 9 shows the evolution of the friction coefficient of 
the silicone rubber specimens with different etching times, 
including the bare PDMS, over 2,000 cycles. The bare PDMS 
specimen exhibited a high initial friction coefficient of over 
1.8 and maintained this high friction force throughout the test 
without significant changes. The high friction coefficient of 
bare PDMS can be attributed to its inherent surface properties, 
such as its relatively smooth surface and high adhesion to 
the counter surface.

In contrast, the non-etched specimen exhibited an initial 
friction coefficient of 0.7, which gradually increased as 
the sliding cycles progressed, ultimately reaching a value 
of 1.25 at the end of the test. The steady increase in the 
friction coefficient can be attributed to the progressive wear 
and surface deformation of the non-etched silicone rubber, 
resulting in increased contact area and adhesive friction. 
The specimen etched for 1 min started with a relatively 
high initial friction coefficient of 1.4 and displayed a distinct 
frictional behavior. However, the friction coefficient gradually 
decreased until 200 cycles and then remained stable with 
minimal fluctuations. The initial reduction in friction can be 
attributed to the running-in period, where surface asperities 
are smoothed, and conformity between the mating surfaces is 
achieved. The specimen etched for 5 min commenced with an 
initial friction coefficient of 1.36 and exhibited a consistent 
increase throughout the sliding cycles, reaching a final value 
of 1.4. This gradual increase in friction occurred because 
of the progressive wear and surface damage of the etched 
silicone rubber, resulting in increased surface roughness 
and abrasive friction. The initial friction coefficient for 
the specimen etched for 10 min was 1.3, which increased 
continuously as the number of sliding cycles progressed. At 
the end of 2,000 cycles, the friction coefficient reached 1.55. 
This substantial increase in friction can be attributed to the 
increased contact pressure and plowing friction caused by the 
extensive surface damage and material removal due to the 
prolonged etching process. The specimen etched for 30 min 
started with a relatively low initial friction coefficient of 0.8 
and exhibited a unique frictional behavior. However, during 
the first 30 cycles, the friction coefficient rapidly increased 
to approximately 1.3. Subsequently, it showed a gradually 
increasing trend, eventually reaching a value of 1.45 at the 

Figure 7. Surface roughness of silicone rubber specimens as a 
function of etching time. Figure 8. UV-VIS transmittance spectra of silicone rubber specimens 

etched for different times.
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end of the test. This rapid initial increase in friction can be 
attributed to the extensive surface roughness and presence 
of micropores caused by the prolonged etching process, 
which can lead to an increased contact pressure between 
the mating surfaces and physical interlocking.

Figure 10 shows the average friction coefficient values 
of silicone rubber specimens with different etching times. 
The bare PDMS specimen exhibited the highest average 
friction coefficient of 1.84 among all the specimens tested. 
This high friction coefficient can be attributed to the inherent 
surface properties and low mechanical properties of PDMS. 
In comparison, the non-etched specimen exhibited the lowest 
average friction coefficient of 1.12. As the etching time 
increased, the average friction coefficient initially increased 
and then slightly decreased. The specimens etched for 1, 5, 
and 10 min exhibited higher average friction coefficients of 
1.38, 1.39, and 1.45, respectively, than the unetched specimen. 
However, the specimen etched for 30 min exhibited a slight 
decrease in the average friction coefficient to 1.37. The initial 
increase in the friction coefficient with increasing etching time 
can be attributed to the changes in the surface morphology 
and roughness. As the etching process progressed, the 
ceramic particles were partially removed, creating micron-
sized pores and increasing surface roughness. This increased 
roughness can lead to higher contact pressures and plowing 
friction, resulting in higher friction coefficients for the etched 
specimens than for the non-etched specimen. The slight 
decrease in the friction coefficient of the specimen etched 
for 30 min can be explained by the extensive removal of 
the ceramic particles and the formation of a porous surface. 
The presence of numerous micron-sized pores can reduce 
the direct contact between the mating surfaces, leading to 
a slightly lower friction coefficient35.

Figure 11 shows the SEM images of the wear tracks 
on the silicone rubber specimens after the friction test. The 
bare PDMS specimen exhibited the most severe wear among 
all the tested specimens, with rough wear tracks observed 
throughout the entire surface. This poor wear resistance 
can be attributed to the low mechanical strength and high 
friction force of bare PDMS, as well as the rough surface of 
the counter material. During the fatigue process, the wear 
tracks on the bare PDMS surface were formed by tearing and 

delamination, leading to the rapid progression of wear. In 
contrast, the non-etched specimen and the specimen etched for 
1 min exhibited relatively smooth wear tracks with minimal 
surface damage, indicating excellent wear resistance. As 
the etching time increased, the wear tracks became more 
pronounced, with increased surface deformation and material 
removal. The specimen etched for 5 min exhibited wear 
morphologies with noticeable surface irregularities and some 
material removal. The specimen etched for 10 min exhibited 
a more severe wear track, with increased surface deformation 
and wider regions of material removal. The specimen etched 
for 30 min exhibited the most pronounced wear track, 
characterized by extensive surface damage, deep grooves, 
and substantial material loss. The progression of wear with 
increasing etching time can be attributed to the changes in 
the surface morphology and the presence of micron-sized 
pores. As the etching process removes ceramic particles 
and creates a porous surface, silicone rubber becomes more 
susceptible to wear36. Micron-sized pores can act as stress 
concentrators, leading to increased surface deformation and 
material removal during friction tests.

Figure 12 illustrates the proposed wear mechanisms for 
the non-etched and etched silicone rubber specimens during 
the friction test. The proposed wear mechanisms highlight 
the complex interplay between surface morphology, contact 
mechanics, and material properties in determining the 
tribological behavior of silicone rubber. For the non-etched 
specimen (Figure 12a), the wear mechanism was primarily 
governed by the presence of the hard ceramic particles on the 
surface. These particles can act as abrasive agents, leading to 
microcutting and microplowing of the softer silicone rubber 
matrix. As the sliding progresses, the ceramic particles may 
detach from the surface and contribute to three-body abrasive 
wear, further increasing the wear rate of the silicone rubber.

In contrast, the wear mechanism of the etched specimens 
(Figure 12b) was influenced by the surface morphology and 
the presence of micro- and nanoscale features generated 
during the etching process. The etched surface exhibited 
an increased density of micropores and asperities, which 
can alter the contact mechanics and stress distribution 
at the interface. These surface features can act as stress 
concentration sites, promoting localized plastic deformation 

Figure 9. Friction coefficients of silicone rubber specimens with 
different etching times over 2,000 cycles.

Figure 10. Average friction coefficient of silicone rubber specimens 
according to etching time.
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and material removal37. As the sliding progresses, the micro- 
and nanoscale features may be gradually worn down, leading 
to the exposure of the underlying silicone rubber matrix. 
Detached wear debris, which may consist of both silicone 
rubber and oxidized particles (e.g., silica), can contribute 
to three-body abrasive wear, leading to increased surface 
damage and material loss.

4. Conclusion
This study revealed the significant influence of etching 

time on the surface properties and tribological performance of 
ceramic-coated silicone rubber. The etching process induces 
substantial changes in the surface morphology, creating 
hierarchical structures that modify the topographical features 

Figure 11. SEM images of wear tracks on silicone rubber specimens after friction testing.

Figure 12. Schematic illustration of wear mechanisms for (a) non-etched and (b) etched silicone rubber specimens.
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and wetting properties of the silicone rubber. XRD and Raman 
analyses demonstrated that the bulk crystalline structure 
and molecular bonding remained unchanged after surface 
modification. Surface composition changes were confirmed 
through EDS analysis. These surface modifications affect 
the interfacial interactions and tribological performance of 
the material.

The wear mechanism analysis revealed the underlying 
tribological phenomena, highlighting the interplay between 
surface morphology, contact mechanics, and material 
properties. The bare PDMS exhibited poor wear resistance 
with severe surface damage, while the non-etched specimens 
primarily exhibited adhesive and abrasive wear. The etched 
specimens demonstrated a more complex wear behavior 
governed by the micro/nanoscale surface features. The 
surface irregularities and pores induced by etching act as 
initiation sites for localized plastic deformation and material 
removal. Detached wear particles can become trapped within 
pores, resulting in a three-body abrasive wear mechanism.

To enhance the practicality and reliability of these 
findings, future studies should focus on investigating 
the effects of various etching parameters and conducting 
long-term durability assessments under realistic operating 
conditions. Further advancements and in-depth investigations 
into this surface modification technique can contribute to 
the development of durable silicone rubber components for 
hydrogen compressors and other applications.
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