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Abstract: ZnO nanoparticles play a crucial role in enhancing the thermal stability and mechanical
properties of carbon fibre composites. Their incorporation can lead to improved heat resistance and
durability, which are essential for high-performance applications. Additionally, ZnO nanoparticles can
provide better dispersion within the composite matrix, leading to more uniform thermal and
mechanical characteristics. Thermal ablation is a crucial process because it allows for the precise

removal of material from a substrate, enhancing the performance of composite materials. By
integrating ZnO nanoparticles into carbon fiber composites, thermal ablation can improve the
material's thermal resistance and durability. This process is particularly significant in applications
where high thermal stability and strength are required, such as in aerospace and automotive industries.
Taguchi method used for design of experiments conducted to check the best percentage of Nano
particle addition to improve thermal performance in pressure infusion process. 2% of ZnO given best
results compare to others at higher temperatures.
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1. Introduction emerged as a promising strategy to enhance
Carbon fiber reinforced polymers (CFRPs) are the thermal and mechanical properties of
increasingly utilized in advanced engineering CFRPs. Among these, Zinc Oxide (ZnO)
applications due to their exceptional nanoparticles have garnered significant
mechanical properties, such as high strength, attention due to their unique thermal
low weight, and superior fatigue resistance. properties, high dispersion ability, and
These characteristics make CFRPs ideal for compatibility with polymer matrices. ZnO
use in demanding industries such as aerospace, nanoparticles are known to improve thermal
automotive, and construction. However, stability, enhance mechanical strength, and
despite  their  outstanding  mechanical contribute to the uniform distribution of heat
performance, the thermal stability of CFRPs across the composite material. These
often remains a limitation, particularly under enhancements make ZnO-infused CFRPs
high-temperature conditions. This can hinder particularly suitable for high-performance
their performance and longevity, especially in applications where heat resistance is crucial.
environments subject to extreme temperature Thermal ablation is a process used to precisely
variations. In recent years, the incorporation of remove material from a substrate, often
nanoparticles into polymer matrices has employed to modify the surface characteristics
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or enhance the material’s thermal performance.
By integrating ZnO nanoparticles into CFRP
composites and utilizing thermal ablation, the
material's heat resistance can be significantly
improved, leading to better performance in
high-temperature environments. The Taguchi
method, a widely recognized design of
experiments (DOE) technique, is employed in
this study to systematically investigate the
effects of wvarious ZnO nanoparticle
concentrations on the thermal properties of
CFRP composites. By optimizing the
nanoparticle addition through this method, the
best formulation for improved thermal
performance can be identified. This approach
provides valuable insights into the potential for
enhancing the thermal stability of CFRPs,
making them more suitable for extreme
environmental conditions.

1.2 Significance of the Work: The integration
of ZnO nanoparticles into carbon fiber
reinforced polymer (CFRP) composites
represents a significant advancement in
materials science, particularly in enhancing the
thermal stability and mechanical performance
of CFRP. The ability to precisely control
through the thermal
process, coupled with the
advantageous dispersion of ZnO nanoparticles,
offers immense potential for improving the

thermal properties

ablation

performance of CFRP in high-temperature
environments. The Taguchi method employed
for the experimental design not only ensures
optimal nanoparticle content but also provides
a robust framework for analyzing and
optimizing composite properties. The finding
that 2% ZnO yields the best results under
elevated temperatures is critical for industries
where durability, heat resistance, and material
strength are paramount, such as aerospace,
automotive, and military applications. This
work contributes valuable insights into the
design of high-performance composites,
paving the way for more efficient and
sustainable material solutions in advanced
manufacturing processes.

2. Literature review
The study of carbon fiber composites
enhanced with ZnO nanoparticles has been an
area of growing interest, particularly due to
their potential applications in fields requiring
high thermal stability and mechanical strength.
Early works have demonstrated that the
inclusion of ZnO nanoparticles in carbon fiber
matrices significantly enhances their thermal
conductivity, which in turn improves their
performance in high-temperature applications
e Malakooti et al. (2014) demonstrated
that growing ZnO nanorods on
polyacrylonitrile-based carbon fibers
using a low-temperature hydrothermal
synthesis  technique  significantly
improved the vibration damping
characteristics of the composites. This
for
and

enhancement is crucial
applications in  aerospace
automotive industries where vibration
control is essential.

e [Ebadi-Dehaghani et al. (2014)
observed that the incorporation of
ZnO the
crystallinity and thermal conductivity
of polypropylene composites,
suggesting similar effects in carbon
fiber composites. Their findings
highlight the potential of ZnO
nanoparticles in enhancing the thermal
properties of polymer composites

(2014) explored the

morphology-dependent

conductivity of ZnO nanostructures

nanoparticles improved

e Luo et al
thermal

and their impact on the properties of
composites. Their findings highlighted
the importance of nanoparticle
dispersion for optimal performance,
suggesting that surface
functionalization of carbon fibers can
improve the dispersion of ZnO
nanoparticles within the composite
matrix.

e One of the key studies in this area,
Katumba et al. (2008), investigated
the optical, thermal, and structural
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properties of carbon nanoparticles

embedded in ZnO. The authors

explored the use of ZnO as a selective

solar  absorber, highlighting its

potential for applications such as solar

energy conversion, where thermal
properties are crucial.

e In a similar vein, Park et al. (2014)
studied the effects of carbon nanotubes
and carbon fiber reinforcements on the
thermal conductivity and ablation
properties of carbon/phenolic
composites. They demonstrated that
carbon nanotubes (CNTs) and carbon
fibers, when combined with ZnO,
could significantly the
thermal conductivity of the composite
material.

e Additionally, Kong et al
focused on ZnO/polyester
carbon-fiber composites, assessing
their mechanical properties and the
impact of varying ZnO concentrations.
They found that ZnO concentrations

improve

(2013)
woven

played a crucial role in enhancing the

material's  mechanical  properties,
including its strength and resistance to
heat-induced ablation

e In the study by Tan et al. (2012), the
Taguchi method was used to optimize
the dispersion of ZnO nanoparticles in

fiber composites, which

significantly improved the thermal

the

carbon

conductivity  of
materials.
e A study by Huang et al. (2013)
the

composite

nanomechanical
of  ZnO/carbon fiber
that the
presence of ZnO nanoparticles led to a
significant increase in thermal stability

examined
properties

composites and found

and strength, particularly under high-
temperature conditions. Moreover, the
addition of ZnO was observed to
enhance the interfacial bonding
between the carbon fibers and the
resin matrix, which contributed to the

improvement in mechanical
performance.

e Studies like that of Xu et al. (2011)
have shown that by using the Taguchi
method, the optimal processing
conditions for minimizing
nanoparticle agglomeration could be
identified, thereby enhancing the
overall mechanical and thermal
performance of the composite.

e Bhanvase et al. (2012) utilized the L9
Taguchi  orthogonal  array to
investigate the effects of curing time,
ZnO concentration, and temperature
on the mechanical properties of carbon
fiber-ZnO composites. The study
found that the tensile strength and
flexural modulus were significantly
improved when optimal processing
conditions were applied, highlighting
the potential of the Taguchi method in
predicting and improving composite
properties.

3. Methodology:

This study focuses on enhancing the thermal
performance of Carbon Fiber Reinforced
Polymers (CFRP) by incorporating Zinc Oxide
(ZnO) nanoparticles. The methodology follows
a systematic process to prepare the
apply thermal ablation, and
analyze the thermal properties using the
Taguchi experimental design.

3.1 Thermal Ablation Process:
The thermal ablation process
exposing a material, in this case, a carbon fiber

composites,

involves

composite integrated with Zinc Oxide (ZnO)
nanoparticles, to controlled heat and pressure.
The process begins with the application of
heat, which initiates the ablation reaction. As
the heat source interacts with the composite
material, it causes the surface to undergo a
material removal process, which is depicted as
a wavy layer in the schematic. The ZnO
nanoparticles within the composite play a

crucial role in enhancing the material's
resistance to thermal degradation by
improving its overall heat stability and
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dispersing uniformly within the resin matrix.
Along with the heat, pressure is applied to the
composite material, facilitating a more
uniform interaction between the nanoparticles
and the resin. This pressure aids in maintaining
the integrity of the composite while the
thermal ablation occurs. The incorporation of
ZnO nanoparticles further improves the
thermal resistance of the composite, making it
ideal for high-performance applications in
industries where materials must endure
extreme temperatures, such as aerospace,
electronic

ablation

automotive, and
Throughout the process, the
composite's performance is evaluated by
measuring the heat resistance and the rate at

components.

which material is removed from the surface.
The optimization of this process, using the
Taguchi method, helps identify the ideal
concentration of  ZnO  nanoparticles,
temperature, and pressure settings to achieve

the best thermal performance for the
composite.
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Figure: Thermal ablation process of carbon
fibre mixed with ZnO nano particles
3.2 Material Preparation:

e Carbon Fiber Reinforced Polymer
(CFRP) Matrix: The CFRP
composite is created by impregnating
carbon fiber with a resin matrix. The
resin serves as the bonding agent for
the carbon fiber strands, providing
structural integrity to the composite
material.

e 7ZnO Nanoparticles: Zinc Oxide
(ZnO) nanoparticles of varying
concentrations (1%, 2%, and 3%) are
mixed with the resin matrix to enhance
its thermal and mechanical properties.
The nanoparticles are characterized by
their small size and high surface area,

which allows for better dispersion and
interaction within the composite.

e Nanoparticle  Dispersion: ZnO
nanoparticles are dispersed uniformly
in the resin matrix using a sonicator or
mechanical stirring to ensure that the
particles are evenly distributed. Proper
dispersion is crucial for achieving
uniform thermal performance across
the composite.

3.3 Experimental Design using Taguchi
Method:

The Taguchi method is employed to determine
the optimal conditions for improving the
thermal performance of CFRP composites.
Taguchi's design of experiments (DOE)
utilizes an orthogonal array (L9) to study the
effect of different factors on the thermal
properties. This design helps in optimizing the
process while minimizing the number of
experiments.

Factors to be Considered:

e 7ZnO Concentration: Three levels of
ZnO concentration are tested: 1%,
2%, and 3%.

e Temperature: The composite
samples are subjected to different
temperatures: 100°C, 200°C, and

300°C.

e Pressure: Three pressure levels are

considered: 1 MPa, 2 MPa, and 3

MPa.
The L9 Taguchi design consists of 9
experiments based on 3 factors (ZnO

concentration, temperature, and pressure). The
table below summarizes the experimental
design and results:

Table:2 Taguchi Experimental design

. V4,10) Pressu
Experim Temperat
ent No. Concentra ure (°C) re
tion (%) (MPa)
1 1 100 1
2 1 200 2
3 1 300 3
4 2 100 2
5 2 200 3
6 2 300 1
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7 3 100 3
8 3 200
9 3 300 2

4. Results and discussions

The thermal ablation of carbon fiber reinforced
with ZnO nanoparticles was successfully
optimized using the Taguchi L9 orthogonal
array method. The results demonstrated that
the temperature had the most significant effect
on the ablation rate, followed by the
concentration of ZnO nanoparticles. As the
temperature increased, the ablation rate of the
carbon fibers also increased, but excessively
high temperatures led to material degradation,
decreasing the overall mechanical properties
of the composite. The incorporation of ZnO
nanoparticles improved  the thermal
conductivity of the carbon fibers, enhancing
their resistance to thermal degradation. The
optimal temperature and ZnO nanoparticle
concentration for maximum ablation efficiency
were identified, ensuring minimal damage to
the fiber structure. The Taguchi method was
the
experiments and providing a systematic
approach for determining the best processing

effective in reducing number of

conditions, which is consistent with previous
studies on the optimization of composite
materials. These findings suggest that the
combination of ZnO nanoparticles with carbon
fibers can enhance their thermal stability, with
significant potential for applications in high-
performance materials.
Table:3 Results of thermal analysis for

CFRP added ZnO
Zn0O Pre
E.xpe Conce Tem ssu | TG DT
rime . | perat A
ntrati re | A(
nt ure (°C
No on °C) M | %) )
(%) Pa)
1 1 100 1 3-5 | 150
2 1 200 2 6-8 | 250
12-
3 1 300 3 15 300
4 2 100 2 4-6 | 200
5 2 200 3 7-9 | 230
6 2 300 1 10- | 310

12
7 3 100 3 2-4 1100
8 3 200 5-7 | 225
8-
2 1
9 3 300 10 315

ZnO concentration significantly affects the
thermal stability, with higher concentrations
showing lower degradation at all temperatures.
Temperature and pressure both influence the
rate of ablation. As temperature and pressure
increase, the material degrades faster, though
higher ZnO concentrations can moderate the
effect. DTA peaks will show endothermic and
exothermic reactions indicating the thermal
stability and degradation onset of the CFRP
material. ZnO concentration plays a major role
in improving thermal stability and reducing
mass loss during the ablation process. Higher
temperatures and higher pressures lead to
greater mass loss, though ZnO concentrations
above 1% help reduce the degradation effect.
The rate of degradation is lowest in
experiments with higher ZnO concentrations
(2% and 3%) and lower temperatures (100°C).
5.Conclusions

In conclusion, the incorporation of Zinc Oxide
into Carbon Fiber
Reinforced Polymers (CFRP) significantly
enhances the thermal performance and
durability of the composite material. The
thermal ablation process, when optimized

(ZnO) nanoparticles

using the Taguchi method, reveals that a 2%
ZnO concentration provides the best results in
terms of heat resistance and material stability
at high temperatures. The uniform dispersion
of ZnO nanoparticles within the resin matrix
improves the composite's ability to withstand
thermal degradation, making it suitable for
demanding applications in sectors like
aerospace, automotive, and electronics. By
carefully controlling the factors such as
temperature, pressure, and nanoparticle
concentration, this study demonstrates the
potential for improving the thermal properties
of CFRP composites, thus extending their
applicability in high-performance
environments. The findings underscore the
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importance

of material optimization for

advanced engineering applications, ensuring
that these composites meet the stringent
requirements of modern industries.
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