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Abstract

This investigation explores the thermal conductivity of nitrile rubber-carbon fiber
composites, focusing on the effects of varying carbon fiber content from 1 wt.% to 5 wt.% in
1 wt.% increments. The primary objective was to establish the relationship between carbon
fiber reinforcement and the resulting thermal conductivity. Experimental results indicated a
significant enhancement in thermal conductivity, peaking at 3 wt.% carbon fiber content,
where optimal fiber dispersion and interfacial bonding were observed. At this level, the
composite exhibited the highest thermal conductivity due to the effective creation of heat
transfer pathways within the rubber matrix. However, beyond this optimal concentration,
thermal conductivity decreased, with reductions of 16% and 5% noted at 4 wt.% and 5 wt.%,
respectively, highlighting the detrimental effects of excessive fiber loading that can lead to
agglomeration and disruption of thermal pathways. Morphological analysis through scanning
electron microscopy confirmed that uniform fiber distribution and strong interfacial bonding
are critical for maximizing thermal performance. These findings emphasize the importance of
optimizing carbon fiber content to balance thermal conductivity and material integrity. The
study underscores the potential of nitrile rubber-carbon fiber composites in applications
requiring efficient thermal management, such as in the automotive and aerospace industries.
Ultimately, this research contributes valuable insights into composite material design,
facilitating the development of advanced materials tailored for high-performance
environments where effective heat dissipation is crucial.
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1. Introduction

Flexible rubber materials, specifically formulated for high-temperature automotive applications, are engineered
to withstand extreme heat while maintaining elasticity and durability. These materials, often composed of
silicone or fluorosilicone rubber, exhibit excellent thermal resistance, enduring temperatures up to 300°C. Their
inherent flexibility makes them ideal for wrapping components like exhaust systems, turbocharger hoses, and
electrical wiring that operate under high thermal stress. The rubber's resilience against degradation from heat,
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oils, and chemicals ensures longevity in demanding environments. Additionally, these materials offer superb
vibration damping, which reduces wear and fatigue on automotive parts, contributing to enhanced vehicle
performance. The ability to form tight seals around irregular shapes while remaining flexible prevents cracking
or breaking even under fluctuating temperature conditions. Furthermore, flexible high-temperature rubber
materials exhibit excellent flame resistance, adding a layer of safety in engine compartments where fire risks
exist. As regulatory standards push for materials with lower emissions and higher thermal efficiency, these
rubbers also help in meeting environmental compliance. Their versatility and robust performance have made
them indispensable in automotive thermal management solutions.

Carbon fiber reinforcement in flexible rubber materials is increasingly being adopted to enhance thermal
resistance and conductivity in demanding applications, particularly in the automotive, aerospace, and electronics
industries. While traditional rubber materials exhibit good heat resistance, they often degrade under extreme or
prolonged high-temperature exposure. By integrating carbon fibers into the rubber matrix, the thermal resistance
of these materials is significantly improved, allowing them to endure higher temperatures without losing
structural integrity or flexibility. Carbon fibers, known for their excellent heat tolerance, form a robust internal
framework that limits thermal expansion, preventing issues like cracking, warping, or deformation. This
reinforcement also reduces wear and tear caused by temperature fluctuations, extending the material’s lifespan.
Furthermore, carbon fibers enhance the thermal conductivity of rubber, enabling more efficient heat dissipation.
This property is crucial in applications such as automotive exhaust systems, turbocharger hoses, and electrical
insulation, where heat management is vital for performance and safety. The superior thermal conductivity helps
in preventing localized overheating, improving the overall efficiency of heat-sensitive systems. Additionally,
carbon fiber reinforcement contributes to maintaining the rubber's flexibility, ensuring it can wrap around
complex shapes without compromising on thermal protection. These benefits make carbon fiber-reinforced
rubber materials a vital solution for high-performance environments requiring both durability and thermal
efficiency.

The use of carbon fiber reinforcement in various flexible rubber materials has become essential for improving
thermal conductivity in high-performance applications. Flexible rubbers such as silicone, EPDM, and
fluorosilicone, commonly used in automotive and aerospace industries, benefit significantly from the addition of
carbon fibers. These fibers, with their exceptional thermal properties, enable better heat dissipation throughout
the rubber matrix, which is crucial in managing heat in components like exhaust systems, turbocharger hoses,
and heat shields. By dispersing heat more efficiently, carbon fiber-reinforced rubber helps prevent localized
overheating, ensuring stable performance in extreme environments. Additionally, the incorporation of carbon
fibers does not compromise the flexibility of these rubbers, allowing them to maintain their conformability
while boosting thermal conductivity. This reinforcement also enhances the material’s structural integrity,
reducing the risk of deformation or damage under high thermal loads. The combined benefits of improved heat
management, mechanical durability, and flexibility make carbon fiber-reinforced flexible rubber materials
indispensable in industries where both thermal efficiency and material resilience are critical.Nitrile rubber
reinforced with carbon fibers is highly beneficial in automotive applications due to its enhanced thermal and
chemical resistance. In fuel injector seals, the carbon fiber addition provides superior durability against high
temperatures and fuels, ensuring long-term reliability under harsh engine conditions. This reinforcement also
improves the material’s dimensional stability, reducing wear from thermal cycling and pressure fluctuations.
The combination of nitrile rubber’s inherent oil resistance with the structural benefits of carbon fibers results in
a robust solution for fuel system components and other demanding automotive applications.

The integration of carbon fiber into flexible rubber materials has been shown to greatly enhance both thermal
conductivity and resistance in a range of applications. Li et al. (2018) found that increasing carbon fiber content
in silicone rubber significantly improves heat dissipation, essential for high-temperature uses. Similarly, Chen et
al. (2020) demonstrated that carbon fiber-reinforced nitrile rubber shows superior thermal stability, crucial for
withstanding thermal cycling. Wang et al. (2016) highlighted that EPDM rubber filled with carbon fibers
exhibits enhanced heat management, particularly in automotive sealing systems. Zhang et al. (2019) concluded
that fluorosilicone rubber composites with carbon fibers are ideal for high-temperature aerospace applications
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due to improved thermal resistance. Kim et al. (2017) emphasized that silicone rubber reinforced with carbon
fibers shows marked improvements in both thermal conductivity and mechanical durability, extending material
life under thermal stress. Liu et al. (2021) reported that optimizing fiber content and orientation in nitrile rubber
can further boost both thermal resistance and conductivity, which is vital for fuel systems. Singh et al. (2015)
demonstrated that flexible EPDM rubber reinforced with carbon fibers offers superior thermal stability,
particularly beneficial for heat shield applications. Rao et al. (2022) found that carbon fiber-reinforced rubber
composites excel in managing heat in automotive turbocharger hoses. Kumar et al. (2019) showed that carbon
fiber in silicone rubber improves not only thermal conductivity but also wear resistance, making it suitable for
high-temperature gaskets. Finally, Park et al. (2018) revealed that carbon fibers enhance both heat conductivity
and long-term thermal degradation resistance in rubber composites.

2. Materials and method
2.1 Nitrile rubber

Nitrile rubber is a versatile elastomer widely used for sealing applications due to its superior mechanical and
chemical properties. Classified as a commercial-grade polymer, it possesses a hardness rating of 70 Shore A,
indicating its firm yet flexible nature, which is ideal for gaskets that need to maintain a tight seal under pressure.
The specific gravity of 1.45 suggests a medium-density material, balancing weight and strength effectively for
industrial use. Its tensile strength of 40 MPa showcases its ability to withstand significant stress without
breaking, while an elongation capacity of 250% highlights its flexibility and ability to stretch under load,
making it resilient to mechanical wear and tear.Furthermore, the material exhibits strong abrasion resistance at
430 mm3, meaning it can endure frictional wear in dynamic environments. A compression set of 35% indicates
that it can return to its original shape after being compressed, maintaining sealing performance over time. Tear
resistance, rated at 15 kg/cm, adds to its durability, ensuring that the material can resist tearing under tension,
which is crucial for maintaining integrity in gasket applications.The operating temperature range of -20°C to
+90°C demonstrates that nitrile rubber is suitable for both cold and moderately high-temperature environments,
making it ideal for use in automotive, industrial, and aerospace sectors where temperature fluctuations are
common. The compliance with British Standards (BS 2751 for specifications, BS 3574 for commercial use, and
BS 3F 68 for aerospace applications) further ensures its reliability and adaptability for critical sealing solutions,
especially in industries that require adherence to stringent material performance criteria. These characteristics
make nitrile rubber a dependable choice for applications where resistance to oils, fuels, and chemicals is
essential, alongside the need for durability and flexibility.

2.2 Carbon fiber

Carbon fiber is a high-performance material known for its exceptional physical, mechanical, and thermal
properties, making it a preferred choice in various industrial applications. Physically, carbon fibers are
characterized by their high tensile strength, typically ranging from 3500 to 6000 MPa, which enables them to
withstand significant loads without deformation. They possess a low density, approximately 1.5 to 2 g/cms,
resulting in a lightweight material that is approximately five times stronger than steel. In terms of mechanical
properties, carbon fibers exhibit remarkable stiffness, with a modulus of elasticity between 230 to 600 GPa,
which ensures minimal deflection under stress. They also display excellent fatigue resistance, allowing them to
maintain performance over repeated loading cycles. The thermal properties of carbon fiber are equally
impressive, with a thermal conductivity of around 20-40 W/mK, which facilitates effective heat dissipation in
composite materials. Additionally, carbon fibers have a high thermal stability, capable of withstanding
temperatures exceeding 3000°C in inert atmospheres without significant degradation. This combination of low
thermal expansion coefficients and high thermal resistance makes carbon fiber ideal for applications in
aerospace, automotive, and sports equipment, where weight reduction and performance are critical.
Furthermore, carbon fibers are chemically resistant, making them suitable for harsh environments and
applications requiring durability against corrosive substances. Their versatility is further enhanced when
combined with resin matrices, forming composite materials that leverage the strengths of both components for
superior performance across various engineering applications.
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3. Synthesis of Nitrile rubber carbon fiber composites

The synthesis of nitrile rubber-carbon fiber composites involves a meticulous process that combines the
elastomeric properties of nitrile rubber with the exceptional mechanical strength and thermal stability of carbon
fibers. The preparation begins with the selection of high-quality nitrile rubber (NBR), known for its excellent oil
and fuel resistance, which is crucial for automotive and industrial applications. Carbon fibers, typically ranging
from 1% to 5% by weight, are chosen based on their tensile strength and modulus properties, contributing to the
composite's enhanced mechanical performance.The first step in the synthesis process is the surface treatment of
carbon fibers to improve interfacial bonding with nitrile rubber. Treatments may include chemical processes like
oxidative treatments or physical methods such as plasma treatment, which introduce functional groups on the
fiber surface, enhancing compatibility with the rubber matrix. Following treatment, the carbon fibers are dried to
remove moisture, ensuring optimal dispersion during mixing.Next, the composite is prepared using a two-roll
mill or internal mixer, where the nitrile rubber is first heated and then mixed with the treated carbon fibers. This
process facilitates thorough dispersion of the fibers within the rubber matrix, which is critical for achieving
uniform mechanical properties. The mixing temperature is typically maintained between 140°C to 180°C to
prevent premature curing of the rubber.To promote cross-linking and achieve desirable mechanical properties,
curing agents such as sulfur or peroxides are added to the mixture. The curing process, often performed in a
mold, occurs at elevated temperatures (typically 160°C to 180°C) for a specific duration to ensure the formation
of a stable three-dimensional network within the rubber matrix, enhancing the composite's strength and
elasticity.

Post-curing, the composites undergo characterization through various mechanical tests to evaluate tensile
strength, elongation at break, and hardness, which are essential for determining performance in applications.
Thermal properties are assessed using differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) to analyze the thermal stability and degradation temperatures, typically reaching upwards of
200°C.Additionally, the morphology of the composites can be examined using scanning electron microscopy
(SEM) to observe the fiber distribution and interfacial bonding. This synthesis route not only optimizes the
mechanical and thermal properties of the nitrile rubber-carbon fiber composites but also establishes a framework
for tailoring specific attributes to meet the demands of various applications in automotive, aerospace, and
industrial sectors. By carefully controlling each step, the resultant composites exhibit enhanced performance
characteristics, making them suitable for high-stress environments.

4. Thermal conductivity specimen preparation

The nitrile rubber-carbon fiber composites for thermal conductivity testing, adherence to ASTM standards is
crucial. Following ASTM D5334, specimen should specifically measure 20mm diameter and 5 mm thickness,
which allows for precise testing in standard apparatus. The composite must be uniformly mixed, with carbon
fiber content ranging from 1% to 5% by weight, and then molded using a hydraulic press at temperatures
between 160°C to 180°C for 15 to 30 minutes. After curing, samples should cool at room temperature and be
conditioned for at least 24 hours under standard laboratory conditions (approximately 23°C and 50% relative
humidity) to ensure consistent measurements. Once conditioned, the samples must be cut to the specified
dimensions, ensuring smooth edges to minimize surface imperfections that could affect the measurements.
Thermal conductivity can then be tested using a guarded hot plate apparatus, laser flash analysis, or transient
plane source methods, ensuring proper placement within the apparatus to reduce thermal contact resistance. By
following these guidelines, reliable and reproducible thermal conductivity measurements can be obtained,
providing valuable insights into the thermal performance of nitrile rubber-carbon fiber composites in practical
applications.

5. Thermal conductivity (TC) measurements

The thermal conductivity test procedure using the Hot Disk TPS 2500 thermal constant analyzer begins with
fabricating specimens measuring 20 mm in diameter and 5 mm in thickness. The specimens are conditioned
under standard laboratory conditions for at least 24 hours to ensure uniform properties. Once conditioned, the
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sample is placed between the sensor and the heating element of the Hot Disk TPS 2500. The instrument applies
a heat pulse, and the resulting temperature response is recorded to measure thermal conductivity. Finally, the
data is analyzed using the built-in software to calculate the thermal conductivity of the specimens, providing
precise insights into their thermal performance.

6. Result and discussion
6.1 Thermal conductivity analysis

Thermal conductivity tests were conducted on nitrile rubber-carbon fiber composites to evaluate their
performance as the carbon fiber content varied between 1 wt.% and 5 wt.%, with incremental increases of 1
wt.%. The primary objective was to ascertain the relationship between the carbon fiber reinforcement and the
resulting thermal conductivity of the composites. The experimental results demonstrated that the incorporation
of carbon fibers significantly enhanced the thermal conductivity of the nitrile rubber matrix, with optimal
performance observed at a carbon fiber content of 3 wt.% as shown in figure 1. At this level, the composite
exhibited the highest thermal conductivity due to improved fiber dispersion and interfacial bonding, which
facilitates efficient heat transfer pathways within the rubber matrix.In contrast, when the carbon fiber content
exceeded 3 wt.%, a decline in thermal conductivity was noted. Specifically, at 4 wt.% and 5 wt.%, thermal
conductivity decreased by 16% and 5%, respectively, suggesting that excessive fiber loading could lead to
agglomeration, which disrupts the continuous heat transfer network established at lower fiber contents. This
behavior underscores the critical importance of optimizing the filler loading to achieve maximum thermal
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Figure 1: The thermal conductivity of nitrile rubber and carbon fiber reinforced composites with various
weight fractions.

The improved thermal conductivity observed at 3 wt.% can be attributed to the effective alignment and
distribution of carbon fibers within the nitrile rubber matrix, which creates pathways for heat flow. However,
beyond this optimal concentration, the thermal conductivity decreases, indicating that an excess of carbon fibers
may interfere with the thermal conduction process. This phenomenon emphasizes the need for careful
consideration of carbon fiber content in the formulation of nitrile rubber composites to balance performance and
maintain the desired thermal characteristics. The investigation highlights the intricate relationship between
carbon fiber loading and thermal conductivity in nitrile rubber-carbon fiber composites. The optimal loading of
carbon fibers not only improves thermal conductivity but also points to the necessity of determining a threshold
beyond which the thermal performance may deteriorate. These insights are invaluable for the design and
application of nitrile rubber-carbon fiber composites in industries such as automotive and aerospace, where
efficient thermal management is critical. Thus, careful consideration of carbon fiber loading is essential to
maximize the thermal performance of these composites in practical applications.
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6.2 Rubber matrix interfacial bonding

The enhancement of thermal conductivity in nitrile rubber-carbon fiber composites is primarily attributed to the
improved dispersion of carbon fibers and the strengthened interfacial bonding between the fibers and the rubber
matrix. When carbon fibers are evenly distributed within the nitrile rubber, they create a network that allows for
efficient heat transfer across the composite material. This is crucial because thermal conductivity relies not only
on the properties of the individual materials but also on the interactions at their interfaces.Effective fiber
dispersion is achieved through optimal mixing techniques during the composite fabrication process. When
carbon fibers are uniformly distributed, they can act as conduits for heat, significantly increasing the composite's
overall thermal conductivity. If the fibers clump together or are inadequately mixed, the thermal paths become
interrupted, leading to localized areas of poor conductivity. Therefore, achieving an optimal dispersion is critical
for maximizing the heat transfer efficiency within the rubber matrix.Interfacial bonding plays a vital role in
facilitating heat transfer as well. Strong adhesion between the carbon fibers and the nitrile rubber matrix ensures
that the thermal energy is effectively conducted from one component to another. When the fibers are well-
bonded to the matrix, they can effectively transfer heat without significant losses at the interface, which is often
a weak point in composite materials. Various surface treatments of the carbon fibers, such as chemical
functionalization, can enhance this interfacial adhesion, further improving thermal performance.

In addition to enhanced fiber dispersion and interfacial bonding, the geometric arrangement of the carbon fibers
contributes to the overall thermal conductivity. When aligned properly, the fibers can create continuous thermal
pathways that facilitate the flow of heat. This alignment is particularly important in applications where heat
dissipation is critical, as it minimizes thermal resistance.Furthermore, the thermal conductivity of carbon fibers
is significantly higher than that of nitrile rubber, which allows even small amounts of carbon fiber to drastically
improve the thermal properties of the composite. As the carbon fiber content increases, the cumulative effect of
these improvements leads to a marked increase in thermal conductivity until reaching an optimal loading point.It
is also essential to consider the impact of processing conditions, such as temperature and pressure during curing,
which can affect the final properties of the composite. Proper curing ensures that the rubber matrix solidifies
effectively around the carbon fibers, enhancing the overall structure and thermal pathways.Ultimately, the
combined effects of improved fiber dispersion, robust interfacial bonding, and strategic fiber alignment
contribute to the significant enhancement of thermal conductivity in nitrile rubber-carbon fiber composites.
These advancements not only improve thermal management in practical applications but also highlight the
importance of careful material design and processing techniques to maximize performance. As a result, such
composites become invaluable in applications requiring effective heat dissipation, such as automotive
components and industrial machinery.

6.3 Morphology analysis

The morphology analysis of nitrile rubber-carbon fiber composites is crucial for understanding the material's
enhanced thermal conductivity and overall performance characteristics. Morphological evaluation typically
employs techniques such as scanning electron microscopy (SEM), which provide high-resolution images to
assess the dispersion of carbon fibers within the nitrile rubber matrix.A well-dispersed fiber structure is essential
for maximizing thermal conductivity, as uneven distribution can lead to the formation of thermal resistance
areas, impeding effective heat transfer. SEM images often reveal the degree of fiber alignment and distribution,
indicating whether the fibers are uniformly spread throughout the matrix or if agglomeration has occurred as
shown in figure 2. Optimal fiber dispersion is critical, as it ensures the establishment of continuous thermal
pathways that facilitate efficient heat conduction.In addition to fiber distribution, the interfacial bonding
between the carbon fibers and the nitrile rubber matrix is another key factor influencing the thermal properties
of the composite. Morphology analysis can help assess the adhesion quality at the fiber-matrix interface. Strong
interfacial bonding minimizes thermal resistance at the junctions between fibers and the matrix, allowing for
better heat transfer. Techniques like energy-dispersive X-ray spectroscopy (EDX) can be used alongside SEM to
investigate the elemental composition at the interfaces, providing insights into the effectiveness of any surface
treatments applied to the fibers that enhance adhesion.
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The impact of processing conditions, such as curing temperature and pressure, on the morphology of the
composite can also be analyzed. proper curing leads to a well-defined rubber matrix surrounding the fibers,
which not only contributes to mechanical strength but also enhances thermal conductivity by providing a robust
network for heat transfer. Morphological studies may reveal any defects or inconsistencies in the cured material,
which could adversely affect performance. Moreover, the orientation of carbon fibers plays a significant role in
determining the thermal pathways within the composite. Fiber orientation can be influenced by the mixing and
molding processes used during fabrication. A well-oriented fiber structure promotes directional heat flow,
thereby increasing thermal conductivity in specific directions. Morphological analysis can help determine the
degree of alignment and its correlation with thermal performance. Another critical aspect of morphology is the
presence of voids or air pockets within the composite, which can act as insulators and reduce overall thermal
conductivity. By examining the cross-sectional views of the composites through microscopy, researchers can
identify the presence and distribution of any voids, which are detrimental to thermal performance. The
morphology analysis provides valuable insights into how structural characteristics influence the thermal
conductivity of nitrile rubber-carbon fiber composites. Understanding these morphological features allows for
the optimization of composite design and processing parameters, ultimately enhancing performance in
applications requiring efficient thermal management. By correlating morphology with thermal properties,
researchers can develop targeted strategies for improving the thermal performance of these composites, paving
the way for advanced applications in automotive, aerospace, and other high-performance industries.
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Figure 2: Morphology analysis of nitrile rubber and carbon fiber reinforced composites with various
weight fractions.
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7. Conclusion

This investigation into the thermal conductivity of nitrile rubber-carbon fiber composites has yielded significant
insights, revealing a pronounced relationship between carbon fiber content and thermal performance. The
experiments demonstrated that thermal conductivity increases with the addition of carbon fibers, peaking at 3
wt.%, where optimal fiber dispersion and interfacial bonding facilitate efficient heat transfer pathways within
the rubber matrix. Specifically, this study quantified thermal conductivity improvements, showing a marked
enhancement at 3 wt.% before declining at 4 wt.% and 5 wt.%, where reductions of 16% and 5% were observed,
respectively. These results underscore the critical role of fiber distribution in achieving superior thermal
conductivity; effective alignment and uniform dispersion are paramount to minimizing thermal resistance.
Additionally, the analysis highlighted the significance of robust interfacial bonding between the carbon fibers
and the nitrile rubber, ensuring efficient heat transfer across the composite. Morphological studies, including
scanning electron microscopy, corroborated these findings by revealing the extent of fiber alignment and
potential agglomeration that disrupts heat flow. Overall, the findings emphasize the necessity of optimizing
carbon fiber content and processing conditions to maximize thermal conductivity while maintaining material
integrity. The results not only contribute to the theoretical understanding of composite materials but also provide
practical implications for their application in industries where effective thermal management is essential, such as
automotive and aerospace sectors. By carefully considering the interplay between carbon fiber loading and
thermal properties, engineers can design composites that meet specific thermal management requirements,
ultimately enhancing performance in high-stress environments.
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