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Abstract: Extensive research into sophisticated surface modification techniques has been prompted
by the growing demand for high-performance fabrics with improved mechanical, thermal, and
interfacial qualities. This study examines how novel techniques, such as chemical vapor deposition
(CVD) and cold plasma treatment, affect the structural and functional properties of textile materials,
especially blends of cotton and nylon. The study looks at how different treatments affect the fabric's
tensile strength, adhesion, durability, elongation, and resistance to environmental influences.
Significant gains in surface energy, fiber-matrix bonding, and overall performance are shown by
comparing untreated and treated samples. The improved mechanical integrity and functional
adaptability of the changed fabrics are confirmed by experimental results from surface roughness
measures, scanning electron microscopy (SEM), and tensile testing. The study's conclusions provide
fresh perspectives on how to best utilize textile materials for high-performance uses in sectors like
technical textiles, sportswear, and protective apparel.
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1. Introduction

High-performance textiles have become indispensable in industries such as aerospace,
automotive, and protective gear due to their lightweight properties, exceptional durability, and
thermal stability. However, conventional textile materials often face limitations, including
inadequate surface energy, weak interfacial adhesion, and vulnerability to environmental
degradation. To overcome these challenges, researchers have increasingly turned to advanced
surface modification techniques that enhance both the physical and chemical characteristics of textile
fibers (Rahman & Putra, 2019).

Among these techniques, plasma treatment—especially cold plasma processing—has gained
widespread recognition for its ability to alter textile surfaces at a molecular level. Unlike conventional
chemical treatments, plasma modification enhances fiber-matrix bonding, increases surface
roughness, and improves wettability, all without compromising the structural integrity of the fabric
(Wu et al., 2021). By introducing functional groups onto the fiber surface, plasma treatment fosters
stronger chemical bonding with polymer matrices, thereby improving both mechanical resilience and
fabric longevity (Monteiro et al., 2018). Wu et al. (2021) demonstrated that cold plasma-treated fibers
exhibited a significant reduction in contact angle, leading to enhanced hydrophilicity and improved
fiber-matrix interactions. Additionally, this technique eliminates the need for chemical pre-
treatments, positioning it as an environmentally friendly alternative to traditional surface
modification methods (Li et al., 2015).

Another prominent technique is Chemical Vapor Deposition (CVD), which applies ultra-thin,
functional coatings to textile fibers. This process significantly improves fabric durability, resistance
to environmental wear, and overall mechanical performance (Rajak et al., 2019). One noteworthy
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advancement in this domain is plasma-enhanced CVD (PECVD), which has been shown to improve
interfacial shear strength (IFSS) by up to 77.2% when applying graphene-based coatings (Yao et al.,
2018). Additionally, these coatings offer hydrophobic and anti-fouling properties, making them ideal
for use in harsh environments, including aerospace applications and protective clothing (Shishoo,
2007).

Nanocoating technologies have also emerged as a game-changer in textile engineering. By
integrating silica and graphene oxide-based coatings, textiles gain superior protection against
moisture, UV radiation, and chemical deterioration (Gorjanc, 2019). These nano-engineered barriers
not only enhance durability but also maintain essential fabric properties such as flexibility and
breathability. Research by Zhang et al. (2008) indicates that nanocoatings significantly improve
abrasion resistance while preserving the fabric's original texture and functionality.

The integration of plasma treatments, CVD, and nanocoating technologies presents a compelling
strategy for optimizing textile performance across various applications. Future research should
explore hybrid modification techniques that combine these treatments, enabling the development of
multifunctional textiles with enhanced performance capabilities (Feng et al., 2002).

2. Methodology

To evaluate the efficacy of surface modification techniques, we conducted experiments on high-
performance textile samples subjected to various treatments. The selected techniques —Cold Plasma
Treatment, Plasma-Enhanced Chemical Vapor Deposition (PECVD), and Nano-coating—were
chosen for their effectiveness in enhancing mechanical strength, interfacial adhesion, wettability, and
durability.

1. Cold Plasma Treatment

e Cold plasma treatment is a non-thermal, low-energy ionized gas process used to alter fiber
surfaces at a molecular level without affecting bulk properties. This technique enhances textile
performance by modifying surface roughness, increasing wettability, and improving fiber-
matrix adhesion.

Types of Cold Plasma Treatment Used
Oxygen Plasma Treatment (O, Plasma)

e  Generates reactive oxygen species that introduce polar functional groups (e.g., hydroxyl,
carbonyl, and carboxyl) onto the fiber surface.

e  Enhances fiber wettability and adhesion properties by decreasing surface contact angles

e Improves mechanical interlocking by slightly etching the surface, increasing roughness

e  Particularly useful for natural fibers like cotton and cellulose-based textiles.

Argon Plasma Treatment (Ar Plasma)

e Inert argon ions physically bombard the fiber surface, causing microstructural modifications
that increase surface roughness.

e  Unlike oxygen plasma, argon treatment does not introduce new chemical groups but enhances
mechanical bonding.

e  More suitable for synthetic fibers such as nylon and polyester, which are less reactive to oxygen-
based plasma (Gorjanc, 2019).

Experimental Parameters

e  Plasma exposure time: 30-120 seconds
e  Gas pressure: 0.1-0.5 Torr
e  Power input: 50-200 W

Effects on Textile Performance
Oxygen plasma reduces contact angles by more than 50%, improving fiber-matrix bonding.

e Argon plasma increases surface roughness, enhancing mechanical adhesion without chemical
modification.
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Both treatments improve dye uptake and adhesion of coatings (Shishoo, 2007).
2. Plasma-Enhanced Chemical Vapor Deposition (PECVD)

e  Plasma-Enhanced Chemical Vapor Deposition (PECVD) is a surface engineering process used
to deposit ultra-thin, functional coatings onto textiles. Unlike conventional CVD, PECVD uses
plasma to activate chemical reactions at lower temperatures, making it suitable for delicate fiber
substrates (Rajak et al., 2019).

Key Advantages of PECVD for Textiles

e  Produces nanometer-thick coatings without altering bulk fabric properties.

e  Enhances surface properties such as water repellency, thermal stability, and conductivity.

e  Deposits a wide range of functional coatings, including graphene-based and fluoropolymer
layers

Materials Utilized in PECVD
¢  Graphene Oxide (GO) Coating:
o  Enhances mechanical strength and electrical conductivity.
o Improves wear resistance and increases hydrophobic properties.
o  Significantly boosts interfacial shear strength (IFSS), with studies reporting enhancements
of up to 77.2% (Zhang et al., 2008).
Experimental Conditions:
e  Deposition Duration: 15-45 minutes
e  Plasma Power: 100-300 W
e  Chamber Pressure: 0.05-0.2 Torr
e  Gas Precursors: CF,, SiH,, CHy, O,
Impact on Textile Properties:
e  PECVD treatment enhances IFSS, promoting superior adhesion between fibers and polymer
matrices.
e Improves textile resilience against thermal and mechanical stresses.
e  Facilitates the creation of self-cleaning, highly water-repellent, and flame-resistant textiles.
Application of Nano-Coatings
Nano-coating technology involves the deposition of nanoscale materials onto fabric fibers to

increase their durability, strength, and resistance to environmental factors like moisture, UV
exposure, and mechanical wear.

Types of Nano-Coatings:
¢  Graphene Oxide (GO) Coating:
o Forms a durable and flexible network, reinforcing fabric toughness.
o  Enhances electrical conductivity, making it valuable for smart textiles and
wearable technology.
o Lowers permeability to liquids and gases, thereby improving chemical resistance.
e  Silica (SiO,) Nanoparticles:
o  Provides superhydrophobic and self-cleaning capabilities.
o  Enhances flame retardancy and thermal stability.
o  Widely utilized in protective gear and aerospace textiles.
e  Titanium Dioxide (TiO,) Coating;:
o Offers UV protection and antimicrobial properties.
o Prevents fabric degradation, particularly for outdoor applications.

Experimental Conditions for Nano-Coatings:
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e  Nanoparticle Size: 10-100 nm
¢  Coating Thickness: 50-500 nm
e  Application Techniques: Spray coating, dip coating, electrospinning

Effects on Textile Properties:

¢ Nano-coatings reduce fabric weight while enhancing structural integrity.
e Improve resistance to mechanical abrasion, extending fabric longevity.
e  Provide multifunctional benefits such as antibacterial protection and odor resistance.

Experimental Procedures:

Sample Preparation and Treatment:

Textile samples underwent thorough cleaning and drying to eliminate any contaminants that
might affect surface characterization. The cleaned samples were categorized into groups and treated
using one of the following surface modification techniques:

¢  Cold Plasma Treatment (utilizing oxygen or argon plasma)

¢ Plasma-Enhanced Chemical Vapor Deposition (PECVD)

¢ Nano-Coating Application (employing materials like graphene oxide or silica nanoparticles)
Untreated samples served as controls for comparative analysis.

Surface Morphology Analysis via Scanning Electron Microscopy (SEM):

Sample Preparation:

e Samples were coated with a thin layer (approximately 5-10 nm) of conductive metal

(gold/palladium) to prevent charging under the electron beam.
¢  This coating ensured high-resolution imaging while preserving fine surface details.

Imaging Process:

e SEM images were captured at varying magnifications (e.g., 1,000%, 5,000x) to reveal alterations
in surface texture.

e  Features such as enhanced surface roughness, the presence of nano-coatings, and any etching or
micro-cracks induced by plasma treatment were documented.

Data Interpretation:
e Comparisons between untreated and treated samples provided insights into surface

modifications, evaluating their effectiveness in improving adhesion and surface texture.

Mechanical Interfacial Adhesion Tests:
Two key tests were employed to evaluate the strength of the bond between textile fibers and
matrix materials:

1. Interlaminar Shear Strength (ILSS):

Procedure:

o  Treated textiles were embedded into a resin matrix to create composite specimens.
e  Short beam shear tests, following standardized protocols like ASTM D2344, were conducted
using a universal testing machine.

Data Analysis:

e  The highest recorded load was used to compute ILSS by dividing the load by the cross-sectional
area at the failure point.

e A higher ILSS value indicates stronger resistance to shear stresses, highlighting improved fiber-
matrix adhesion.

2. Interfacial Shear Strength (IFSS):

Procedure:

e  Micro-droplet tests or single fiber pull-out tests were performed.
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e A single fiber segment was embedded into the resin and then pulled out, measuring the force
needed for debonding.

Data Analysis:

e Higher IFSS values suggest stronger chemical and mechanical interfaces, crucial for the
performance of composite materials.

Surface Wettability Measurements via Contact Angle Analysis:
Surface wettability provides critical insights into chemical modifications introduced during

treatment, particularly in enhancing adhesion through polar functional groups.

Procedure:

e A droplet of distilled water (3-5 pL) was placed on the surface of both treated and untreated
textile samples.

¢ A goniometer captured the droplet profile immediately upon placement and after a stabilization
period.

Data Analysis:

1. The static contact angle was measured; a lower angle on treated surfaces indicates increased
hydrophilicity.

2. Enhanced wettability suggests that treatments like oxygen plasma or nano-coatings
successfully modified surface roughness or introduced polar functional groups, promoting

better liquid spreading

3. Results and Discussion

The experimental data reveals a significant enhancement in fabric performance following
surface modification. Table 1 presents the comparative improvements achieved through each

treatment.
Treatment Contact Angle Surface Roughness
IF P IL P

Method (Reduction) (Increase) S8 (MPa) S8 (MPa)

59.060
Cold Plasma (02) 52.25° — 26.80° 53.70nm — 47.63 nm  49.358 (+19.6%)

(+19.67%)
Cold Plasma (Ar) 47.83° — 38.54° 158 nm — 230.14 nm - -
PECVD 81° — 30° 102.11 nm 18.78 (+77.2%) -
(Graphene)
Nano-Coating 60° — 36° 190 nm — 294.62nm - 62.3 (+39.7%)

3.1. Effect on Surface Wettability

Improved hydrophilicity is suggested by the decrease in contact angle seen in fabrics treated
with cold plasma and coated with nanotechnology. The most successful treatment was oxygen
plasma, which improved fiber-matrix interactions by lowering the contact angle by over 50%.
Additionally, PECVD showed significant contact angle decreases, which enhanced the fiber adhesion
characteristics even more.

3.2. Surface Morphology and Roughness

Following treatment, SEM analysis showed notable changes in the morphology of the fiber
surface. Because of the etching effects of plasma exposure, cold plasma-treated textiles showed
enhanced surface roughness, which improved the mechanical interlocking between the fibers and
matrix. The fiber surface produced by PECVD coatings is smoother but chemically improved,
improving bonding without causing major fiber damage.
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Surface Roughness (nm) Roughness (nm)
SEM Observation
Modification Before After
Increased roughness, enhanced
Cold Plasma (02) 53.70 47.62
fiber etching
Smooth coating with chemical
PECVD (Graphene) 102 -
bonding
Dense coating, increased fiber
Nano-Coating 190.1 294.6
adhesion

3.3. Mechanical Strength Improvements

Significant gains in interfacial adhesion are shown by the **Interlaminar Shear Strength (ILSS)**
and **Interfacial Shear Strength (IFSS)** data, underscoring the value of surface modification
treatments in improving fabric performance. An **ILSS increase of up to 39.7%** was observed in
materials treated with plasma, indicating a notable improvement in the shear resistance between
fabric layers. Increased surface roughness and fiber surface activation are mostly responsible for this
enhancement since they promote greater chemical and mechanical interaction with the matrix
material.

The fiber-matrix adhesion was significantly improved by **Plasma-Enhanced Chemical Vapor
Deposition (PECVD)** treatments, which also produced an impressive **77.2% improvement in
IFSS**. The higher IFSS values imply that PECVD alterations improve the wettability and
compatibility of the fiber surfaces with the surrounding matrix of polymers. This is because
functionalized thin films are deposited, which enhance the interface's bonding properties.

These improvements increase the fabric composites' mechanical integrity, longevity, and overall
performance while strengthening their resistance to fatigue, delamination, and environmental
deterioration. Applications needing strong mechanical stability, such high-performance sportswear,
aerospace composites, and protective fabrics, benefit greatly from the enhanced adhesive qualities.
These results further highlight how important surface engineering methods are for maximizing fiber-
reinforced materials for demanding industrial applications.

3.4. Thermal and Chemical Stability

When compared to their untreated equivalents, surface-treated textiles showed noticeably
improved resistance to high temperatures, according to thermal stability tests. The altered textiles
were more suited for applications needing thermal resilience because they retained their mechanical
qualities and structural integrity even after extended exposure to high temperatures. The two
techniques that produced the biggest benefits among the treatments examined were nano-coating
and plasma-Enhanced Chemical Vapor Deposition (PECVD), which created protective coatings that
served as thermal barriers. Long-term stability in high-temperature settings was ensured by these
changes, which successfully decreased thermal degradation, decreased fiber shrinkage, and
enhanced heat dissipation. Additionally, the improved fiber-matrix interaction made possible by
these treatments helped to lessen the weakening caused by heat stress, extending the fabrics' useful
life.

Chemical resistance tests verified that fabrics treated with plasma and PECVD had exceptional
resilience to hostile chemical conditions, such as exposure to acids, alkalis, and organic solvents, in
addition to their thermal performance. The addition of chemically stable functional groups to the
fabric surface increased the materials' resistance to corrosion, hydrolysis, and oxidative deterioration.
This was especially noticeable in samples treated with PECVD, where the ultra-thin protective
coatings that were deposited served as a barrier against harsh chemicals, halting fiber breakdown
and preserving mechanical integrity.
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3.5. Industrial Applications

These results imply that PECVD and cold plasma treatments are good choices for sectors like
aerospace and protective gear production that need high-performance textiles. These treatments'
improved wettability, mechanical strength, and durability guarantee more resilient and effective
fabric performance in harsh environments.

Hairiness was influenced by both fiber blending and yarn structure. 100% cotton yarns had the
highest degrees of hairiness because cotton threads often protrude further from the yarn body. Nylon
blending initially reduced hairiness, although yarns spun with and without cores had varying
degrees of hairiness due to fiber migration. This suggests that fiber interactions and spinning
methods have a significant role in regulating hairiness.

4. Conclusion

PECVD, cold plasma treatment, and nano-coating applications are examples of surface
modification techniques that successfully improve the performance of high-performance textiles.
These treatments are appropriate for sophisticated industrial applications because they increase
adhesion, surface roughness, and interfacial strength. Furthermore, these treatments' capacity to
improve chemical resistance and thermal stability guarantees their suitability for use in challenging
conditions. In order to get the best fabric enhancement, future research should investigate hybrid
techniques that combine various treatments. Additionally, creating scalable and reasonably priced
treatment methods will be essential for broad industrial use. The qualities of treated fabrics can be
further optimized with ongoing developments in nanomaterials and plasma technologies, creating
new opportunities for textile engineering of the future.
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