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Abstract

In light of the increasing demand for improved thermal performance within the tire indus-
try, research on thermally conductive rubber composites has become a significant focus
of interest. This paper provides a comprehensive overview of the most recent research
findings on thermally conductive rubber composites, specifically for tire heat-dissipation
applications. First, the thermal-conductivity mechanism of rubber-based composites is
elaborated in detail, and the influencing factors of heat dissipation and thermal conduc-
tivity in tire rubber are systematically analyzed. The role of various thermally conductive
fillers in tire heat dissipation and their applications is highlighted, and the thermal con-
ductivities of these fillers and their effects in practical tire applications are compared. In
addition, the distribution of fillers is optimized by combining experimental studies with
simulation methods (e.g., molecular dynamics simulation) to provide a scientific basis for
tire design. Finally, this paper summarizes the main challenges currently faced by rubber
composites in tire applications, including material costs, filler and matrix dispersion, and
thermal resistance. It also proposes the potential future development direction of thermally
conductive rubber composites in tire applications.

Keywords: thermal conductivity; rubber composites; fillers; tires

1. Introduction
The rapid advancement of microelectronics technology is increasing the demand for

thermally conductive materials. Compared with other traditional materials, polymers and
their composites have become a popular choice in engineering due to their low cost, easy
processing, corrosion resistance, and versatility [1,2]. However, their thermal conductivity
is usually in the range of 0.1 to 0.5 W/(m·K) [3,4], a characteristic that may lead to poor
heat dissipation and localized overheating. Therefore, enhancing the thermal conductivity
of polymer composites has become a new trend in the current composites industry [5].

Tire performance requirements are diverse. This requires tires to have good mechan-
ical properties and wear resistance and to provide efficient heat dissipation in complex
operating environments. However, conventional rubber materials are poor heat conduc-
tors, and heat build-up under dynamic conditions may lead to an uneven temperature
distribution within the tire, affecting its safety and service life. Tires undergo substantial
low-frequency mechanical deformation during extended use, driven by internal friction at
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the molecular level among fillers, between fillers and rubber, and within the rubber com-
ponents themselves. This process generates significant heat, which is difficult to dissipate
effectively due to the inherent poor thermal conductivity of rubber elastomers [6,7].

Thermally conductive rubber, with its high thermal conductivity, is commonly used to
replace ordinary rubber in applications involving heat transfer and dissipation. Meanwhile,
due to its sound insulation and high-temperature resistance, it is widely used in aerospace,
electronic equipment, biomedical, and automotive industries and other fields (Figure 1). At
present, the research of polymer materials such as rubber is mainly focused on improving
their thermal conductivity by incorporating high thermal conductivity fillers into the
matrix [8]. As an essential branch of polymers, one of the key research topics in rubber
research is to improve the heat resistance and thermal conductivity of rubber materials.

Figure 1. Thermally conductive rubber and its composite material application introduction.

Despite the remarkable progress in this area of research, the literature on thermally
conductive rubber remains relatively scarce. Although rubber composites have been
widely used in tires, there are also relatively few systematic summaries of their thermal
conductivity. In view of the increasing importance of heat dissipation in the tire industry,
reducing tire driving temperature and improving tire heat dissipation are key to prolonging
tire life and ensuring driving safety. Based on this, this paper summarizes recent advances
in thermally conductive rubber composites for tire heat-dissipation applications. First,
the thermal-conductivity mechanisms of rubber and its composites are explained; on
this basis, the thermophysical properties of tires are analyzed, and the various factors
affecting the thermal conductivity of rubber are reviewed, with emphasis on the application
of different thermally conductive fillers in tire thermal management. Subsequently, the
current challenges faced by rubber composites in tire applications are discussed, and the
possibility of optimizing filler design through simulation, such as molecular dynamics,
is explored. Finally, the prospects for rubber composites in tires are explored, aiming to
provide constructive ideas for their broader application.
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2. Thermal Conductivity Mechanism
The basic modes of heat transfer include conduction, convection, and radiation [9]. Heat

conduction presupposes the transfer of heat, realized by the absence of macroscopic motion
within the medium and of relative displacement, which depends on the thermal motion of
microscopic particles within the object. Heat conduction follows Fourier’s law (1), which
applies to isotropic materials.

q = −λ grad(t) (1)

In this equation, q represents the heat flow density (W/m2), defined as the amount of
heat transferred through a unit area in a unit time; λ is the thermal conductivity coefficient
(W/(m·K), which indicates the ability of a substance to transfer heat under a temperature
gradient, and is a physical quantity that characterizes the strength of an object’s thermal
conductivity. Grad t represents the temperature gradient at a given point in space (K/m),
and the negative sign indicates that the direction of heat transfer is opposite to the direction
of increasing temperature [10].

There are differences in the form and process of heat transfer in different states and
conditions. It has been shown that heat conduction occurs primarily in solids. The micro-
scopic particle medium for heat conduction mainly includes molecules, phonons, electrons,
and photons. For solids, thermal conductivity is primarily realized by both lattice vibration
and diffusion of free electrons [11]. In crystalline materials, thermal conductivity is primar-
ily carried out through the thermal vibration of the grains, and the thermal conductivity
medium is mostly phonons. In non-crystalline materials such as rubber, on the other hand,
due to their disordered structure, the arrangement of molecules or atoms shows an irregular,
haphazard distribution, and thermal vibration occurs around a fixed position. Although
the heat carriers of amorphous materials are also phonons, due to the irregularity of their
structure, there are a large number of defects on the surface (e.g., grain boundaries), which
leads to scattering of phonons during propagation and affects the regular transport, thus
making the thermal conductivity λ low [12]. In metals, thermal conductivity results from
collisions and interactions between free electrons. The thermal conductivity of a material
is a complex phenomenon that results from the combined thermal conductivities of all its
internal microscopic particles.

The contribution of heat transfer carriers varies significantly from substance to sub-
stance, with one heat transfer carrier usually dominating [13]. In polymers, phonons are
considered the primary heat transfer carriers [14]. Phonons are regarded as quantized
lattice vibrational modes that follow the Borel-Einstein particle distribution and exhibit
wave-particle duality. The thermal conductivity of rubber is generally low, mainly because
most rubber materials are usually saturated systems, and there are almost no free electrons.
In addition, factors such as the relatively weak forces between rubber molecules and the
disordered molecular chain structure contribute to the low thermal conductivity.

Currently, three main theories can effectively explain the thermal conductivity
behavior of filled thermally conductive rubber and its influencing factors: the ther-
mal conductivity path theory, the thermal penetration theory, and the thermoelastic
coefficient theory [15–17].

The theory of thermally conductive pathways has been widely recognized. The theory
states that the overlapping and synergistic action of thermally conductive fillers in the
polymer matrix forms a continuous thermally conductive path [18,19]. The number of
fillers significantly affects thermal conductivity. In the rubber matrix, at low filler concen-
trations, particles are sparsely dispersed, making it difficult to form a continuous thermal
conductive network. Heat still needs to be transferred through the insulating rubber matrix,
which is equivalent to “heat flux having to detour through a low thermal conductivity
medium,” resulting in limited improvement in overall thermal conductivity, resulting in
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a “sea-island” two-phase system (Figure 2a). As a result, the thermal conductivity of the
composite is low. With the gradual increase in the content of thermally conductive fillers,
the contact between them becomes tighter, leading to the formation of a complete thermally
conductive path or network. At this point, the heat flow passes along the heat-conducting
channels, thus reducing the overall thermal resistance (Figure 2b) [20]. Theoretically, when
a thermally conductive network is formed, the thermal conductivity of polymer composites
will significantly increase and exhibit osmosis. However, the thermal conductivity of
most thermal conductive fillers and polymers only differs by 10 to 103 times. The thermal
conductivity of polymers seldom changes abruptly over a wide range of filler dosages.
No obvious transition point for over-permeation has been found, so the theory of thermal
permeation remains controversial [21]. However, for fillers with very high intrinsic thermal
conductivity, permeation does occur (Figure 2c) [22–24].

Unlike the two theories mentioned above, the thermoelastic coefficient theory com-
bines the complex principles of classical vibrational mechanics and elastic mechanics. Some
researchers believe that λ is analogous to the thermoelastic coefficient in phonon propaga-
tion. In other words, the higher the λ-value of the composite, the higher the thermoelastic
coefficient and phonon propagation efficiency (Figure 2d) [25]. Therefore, the enhancement
of the λ value in rubber is regarded as a consequence of the synergistic interaction between
high thermal conductivity fillers and a low thermal conductivity matrix. According to the
model, during propagation, phonons will be scattered by vibrations and fluctuations at the
interface between two phases with different thermoelastic coefficients, thereby hindering
heat conduction.

Figure 2. (a) “Sea-island” in low fillers loading; (b) Thermal conduction paths in high fillers loading;
(c) Percolation phenomenon; (d) Thermoelastic coefficient theory. Reprinted from [26], Copyright
(2020), with permission from Elsevier.

In summary, these three theories collectively emphasize that the selection, quantity,
and uniform distribution of fillers, as well as the reduction in interfacial thermal resistance,
are prerequisites for the formation of effective thermal conductivity pathways. To increase
the thermal conductivity of polymers, a continuous, comprehensive thermally conduc-
tive network must be built. Thus, optimizing the development of thermally conductive
networks within the system will be the primary goal of future studies on the theory of
thermally conductive rubbers.



Polymers 2025, 17, 3197 5 of 30

3. Tire Rubber Heat Dissipation and Thermal Conductivity
Influencing Factors

Heat is one of the most essential damaging factors for rubber products. Heat accu-
mulation not only significantly reduces the mechanical properties of rubber products but
also accelerates material aging and shortens fatigue life [27]. The factors affecting heat
generation in rubber are pretty complex, including the Payne effect, the Mullins effect,
interfacial interactions, bound rubber, cross-linking density, and fillers [28]. Tires are ev-
eryday rubber composite products. It is estimated that the proportion of rubber in tires is
about 40–50% [29]. The heat generation mechanism in tires can be divided into two main
parts. In addition to the hysteresis heat generation caused by the strain lagging behind
the stress mentioned above, frictional work due to direct contact between the tire and the
road surface is also a cause of the temperature rise. Compared with heat loss, friction heat
accounts for a smaller proportion.

Thermophysical properties (thermal conductivity, thermal diffusion coefficient, and
specific heat) are key parameters for evaluating a material’s heat dissipation [6]. The high
temperatures generated during vulcanization may cause tire damage. Therefore, improving
the thermal diffusivity of rubber can effectively reduce heat accumulation [30]. In addition,
improving tire thermal conductivity is an effective way to enhance heat dissipation. In
addition to these direct indicators, tan δ indirectly reflects the thermal behavior of materials
under dynamic loading by characterizing their energy dissipation properties. rubbers with
high tan δ values lead to the conversion of mechanical energy into thermal energy under
dynamic loading, which exacerbates the accumulation of heat in the rubber [31]. To mitigate
tire overheating, in addition to focusing on theory and modeling, an in-depth study of
the rubber formulation is required. The research by Abey Gunawardane et al. [32] in-
dicates that effectively controlling heat accumulation is crucial for reducing the risk of
tire blowouts and improving the problem of shortened fatigue life caused by material
performance degradation. From the perspective of manufacturing processes, adding high
thermal conductivity fillers (such as flake graphite powder) to materials can help shorten
the vulcanization time, thereby enhancing production efficiency and energy utilization
efficiency. Wu et al. [33] pointed out that the heat generated by hysteresis loss during the
rolling process of tires can cause a significant increase in internal temperature, with the
highest internal temperature reaching 35.28 ◦C, which is higher than the surface temper-
ature. If the accumulation of heat is not effectively controlled, it may lead to accelerated
tread wear or even a blowout risk, seriously affecting landing safety. In terms of durability,
the strain amplitude has a significant impact on temperature rise. When the strain increases
from 0.20 to 0.36, the stable temperature rises by 53%, indicating that high temperatures
accelerate the aging and fatigue of rubber materials and shorten their service life. In terms
of energy efficiency, the increase in rolling resistance caused by heat accumulation will
further increase energy loss.

There are three primary forms of tire heat dissipation: convective heat transfer be-
tween the tire surface and the surrounding air, heat conduction between the tread and
the ground, and radiative heat transfer between the tire and its surroundings. Typically,
heat radiation from the tire to its surroundings is not considered [34]. The primary heat
transfer mechanism of a tire is shown in Figure 3. Due to the influence of many factors, the
heat transfer in the convection process is more complicated. Scholars at home and abroad
have conducted in-depth research on convective heat transfer at the tire surface through
theoretical analysis, numerical simulation, and experimental validation, achieving fruitful
results that have significantly enhanced tire heat dissipation performance. Similarly, the use
of thermally conductive rubber composites can dissipate heat more effectively, preventing
tread temperatures from becoming too high.



Polymers 2025, 17, 3197 6 of 30

Figure 3. Mechanism of heat transfer between tires and their surroundings.

A combination of factors determines the thermal conductivity of rubber compos-
ites. Figure 4 briefly summarizes the effect of filler and polymer matrix on their thermal
conductivity. In addition, temperature and humidity also affect the λ value [26,35–37].

Figure 4. The main factors influencing the thermal conductivity of rubber composites.

3.1. Types of Fillers

The effect of different types of fillers in enhancing the thermal conductivity of com-
posites varies significantly. Thermally conductive fillers can be mainly categorized into
the following groups: metal particle fillers (e.g., Ag, Cu, Al, and Ni [38]), carbon-based
materials (including graphite, carbon fibers, nano-diamond [39], carbon nanotubes, carbon
black, and graphene), and ceramic materials (e.g., BN, AlN, Al2O3, ZnO and SiC [40]).
Table 1 presents λ values for different types of thermal-conductive fillers [26,41–48].

Table 1. Values of common thermally conductive fillers.

Fillers Thermal Conductivity (W/m·K) Ref

Silver 450 [41]
Copper 483 [41]

Aluminum 204 [41]
Nickel 158 [41]
Gold 345 [41]
Zinc 121 [26]
Iron 80 [26]

Zinc oxide 30 [26]
Beryllium oxide 270 [42,43]

Aluminum oxide 20–29 [41]
Aluminum nitride 320 [26]

Silicon nitride >150 [44]
Silicon carbide 80 [26]
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Table 1. Cont.

Fillers Thermal Conductivity (W/m·K) Ref

Boron nitride 250–300 [41]
BN nanosheets 751 (λ||) * [45]
Carbon black 6–174 [41]

Carbon Nanotubes 2000–6000 [41]
Carbon fiber 1200 [46]

Diamond 2000 [41]
Graphite 100–400 (λ||) [41]
Graphene 600–2800 (λ||) [47]

Molybdenum sulfide 34.5 [48]
* λ|| represents the in-plane thermal conductivity.

3.2. Fillers Shape

There are significant differences in the contact area and the arrangement of thermal-
conductive fillers with different shapes. The thermal conductivity of composites is signif-
icantly influenced by the shape of the fillers [49,50]. On the one hand, the shape of the
filler affects interfacial properties with the rubber matrix, and a good filler morphology can
improve contact between the filler and the matrix, thereby effectively reducing the contact
thermal resistance within the material. On the other hand, the shape of the filler can also
affect the heat conduction path in the composite material. These theoretical principles are
well demonstrated in the comparative study by Li et al. [51], who investigated the effects of
spherical Al2O3, irregularly shaped AlN, and two-dimensional sheet BN on the properties
of silicone rubber. Their research found that the two-dimensional BN fillers were the most
effective in constructing continuous thermal conduction networks, thereby significantly
enhancing the thermal conductivity of the composites.

The filler’s dimensions strongly influence the thermal conductivity. A larger
filler reduces the direct contact area between the filler and the matrix at the same
volume, thereby lowering the interfacial thermal resistance and enhancing thermal
conductivity [52,53]. However, in some cases, the introduction of minor fillers can also
improve the composite’s thermal conductivity [54,55]. Therefore, at present, the industry
usually uses different particle-size fillers in combination.

The aspect ratio is a significant factor influencing the thermal conductivity of rubber
composites [56]. High aspect ratio fillers, including linear, sheet, and fibrous fillers, demon-
strate superior thermal conductivity compared to spherical fillers. Research has found
that compared with low aspect ratio fillers, graphene with a high aspect ratio can more
significantly enhance the thermal conductivity of composite materials. Its enhancement
mechanism is attributed to the fact that a high aspect ratio strongly restricts the random
aggregation and orientation of the filler, thereby inducing its self-assembly to form a highly
ordered thermal conduction network [57]. However, excessively high aspect ratios can
sometimes adversely affect thermal conductivity. For instance, Evign et al. [58] found that
when the aspect ratio of carbon nanotubes (CNTS) exceeds 300:1, the thermal conductivity
of the composite material actually decreases by 12% to 15%. The reason for this is that
an excessively high aspect ratio can cause severe agglomeration of the filler, which not
only forms a thermal conduction path but also introduces a large amount of interinterface
thermal resistance, thereby weakening the overall thermal conductivity. Based on this, the
research suggests that in polymer-based composites, the aspect ratio of carbon nanotubes
being controlled within the range of 20 to 100 is most conducive to the improvement of
thermal conductivity.
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3.3. Fillers Loading

Typically, the thermal conductivity of rubber composites increases with increasing
thermally conductive filler loading [59]. To create an efficient thermal conduction pathway,
fillers must be incorporated in precise quantities. However, excessive filler content can
increase weight and cost while reducing the composite’s mechanical properties. Studies
have shown that under high filler content, due to weak polymer-filler interactions and
strong filler-filler interactions, the performance of BR composites is worse than that of
SSBR. It has been confirmed that the quasi-static mechanical properties first increase
and then decrease with increasing filler content, indicating the existence of an optimal
filler amount. It is particularly noted that high filler content leads to a sharp increase
in the elastic modulus of the elastomer, severely affecting processing performance and
practical applications [60].

3.4. Filler Functionalization

Interfacial compatibility between the filler and the rubber matrix is a key factor in
achieving excellent overall performance in composites. The functional treatment can effec-
tively reduce the interface thermal resistance, improve the filler dispersion and binding
force, and optimize the phonon transport channel. Researchers have previously used a vari-
ety of functionalization treatments on thermally conductive fillers, including acid and alkali
treatments [61], solvent-assisted ball milling [62], coupling-agent modification [63], and
surface coating methods [64].

3.5. Fillers Orientation

To improve the thermal conductivity of composites, many researchers have focused
on optimizing the controlled dispersion of thermally conductive fillers [65]. By precisely
controlling the process parameters during processing, fillers can be made to adopt a specific
orientation, thereby achieving anisotropic thermal conductivity. Currently, several methods
have been attempted to adjust the orientation of fillers in the rubber matrix, including
electric-field induction [66], magnetic-field induction [67], 3D printing [68], the template
method [69], and electrostatic spinning [70].

In summary, the thermal conductivity of tire rubber is closely related to the filler. The
use of thermally conductive fillers in tires helps improve heat dissipation efficiency, lower
operating temperatures, and reduce thermal stress and aging. By optimizing the type,
size, loading, functionalization, and orientation of the filler, heat dissipation in tires can
be effectively supported, extending their service life and improving safety. In addition,
special attention will be paid to aspect ratios when selecting fillers in the future. Fillers
with high aspect ratios, such as graphene, significantly influence the formation of thermally
conductive paths. Through rational design and selection of fillers, a balance between
properties can be achieved, leading to the development of tire rubber matrix composites
with a combination of excellent properties.

4. From Microelectronics to Tires: Applications and Challenges of
Thermally Conductive Rubber Composites

From the development of highly thermally conductive interface materials (TIMs) to
high-performance formulations for the tire industry, the demand for composite materials
with excellent mechanical properties and high thermal conductivity continues to rise.

For tire rubber materials, achieving high thermal conductivity and low heat buildup
while maintaining outstanding mechanical properties is an urgent challenge for the in-
dustry. It is not easy to integrate all the excellent properties of rubber materials through
blending and compounding methods [71]. Based on high-thermal-conductivity fillers, this
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chapter reviews recent state-of-the-art approaches to improving the thermal conductivity of
rubber composites using metallic, carbon-based, ceramic, and hybrid fillers, with a special
focus on heat dissipation in tire rubber products. Solutions to address high tire tempera-
tures are explored by analyzing aspects of the vulcanization process, thermal diffusivity,
heat accumulation, and thermal conductivity. In addition, the chapter briefly introduces
the application of bio-based fillers in rubber composites as a potential option for future
“green tires”.

4.1. Metallic Materials

Metallic materials are used as common thermally conductive fillers with high wear
resistance and strong stability. However, weak adhesion to the rubber matrix may re-
duce the composite’s overall thermal conductivity. Therefore, it is necessary to improve
the interfacial bonding properties of metal fillers through surface modification. Com-
monly used thermally conductive metal particles include silver, copper, aluminum, and
nickel. In addition to solid metals, liquid metals also have a wide range of applications
in thermal conductivity and heat dissipation [72]. However, when metals are used as
thermal conductive fillers, their excellent electrical conductivity is not applicable in some
scenarios [73]. In products such as tires and insulating seals that require electrical isolation,
the conductivity of metal fillers may cause leakage. At this point, modification methods
such as surface coating need to be adopted to reduce their electrical conductivity while
ensuring thermal conductivity, and to balance the compatibility of thermal conductivity and
electrical conductivity.

Silver, copper, and aluminum have excellent thermal conductivity properties [72–76].
However, in industrial applications, it is often essential to modify the metal surface to
enhance its compatibility with the rubber matrix, thereby optimizing phonon propaga-
tion and achieving high thermal conductivity in rubber composites. Rubber matrix is a
commonly used composite matrix in industry, especially in the tire industry. Doping of
natural rubber with aluminum powder can significantly increase its thermal conductivity.
It was shown that the interfacial compatibility between aluminum powder and natural
rubber (Al/NR) composites, after surface wet modification with the coupling agent Si69,
was significantly improved, and their thermal conductivity increased from 0.25 W/m·K
without modification to 0.47 W/m·K [77].

In a polydimethylsiloxane (PDMS) matrix, thermal conductivity can be enhanced
by optimizing the size combination of alumina fillers. It was found that when 10 wt%
of alumina powder was replaced with copper powder, the thermal conductivity reached
a maximum of 2.466 W/m·K [78]. In addition, Tutika et al. [79] successfully prepared
high-thermal-conductivity composites by filling metal solid particles (Fe, Ag, Au, Ni) and a
liquid metal (gallium-indium alloy) into a silicone rubber matrix. It was shown that when
the volume fraction of metal fillers (φ < 40%) was added to silicone rubber and the volume
fraction of liquid metal (φ = 80%) was used, the thermal conductivity of the composites
was significantly improved to 6.7 W/m·K.

The mechanical properties, such as modulus and fracture stress, are usually improved
by adding metal fillers to rubber [80]. However, they also face challenges such as high
density, susceptibility to corrosion, oxidation, and high cost, which somewhat limit their
effectiveness and application in rubber composites. In addition, due to the conductive na-
ture of metals, their incorporation into the rubber matrix may reduce the dielectric strength
and electrical insulation of the composites, thereby limiting their application in electronic
packaging. Therefore, the application scope of metal fillers as thermal conductive fillers
alone is relatively limited. To enhance the overall performance, it is usually necessary to
combine it with process improvements, such as using it in combination with other types
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of fillers. It is worth noting that the interfacial compatibility issue between metal fillers
and rubber matrices may also have a negative impact on the mechanical properties of
the material. For instance, in their study of iron and aluminum-filled styrene-butadiene
rubber, Alam et al. [81] discovered that the presence of iron filler interacts with the sulfur
vulcanization system. This interaction significantly diminishes the crosslinking density
of the rubber matrix, leading to a reduction in key mechanical properties such as tensile
strength, which can even fall below that of unfilled pure rubber. The decline in mechan-
ical performance resulting from chemical incompatibility at the filler-matrix interface
severely limits the applicability of this type of composite material in structural compo-
nents that demand high levels of mechanical reliability and durability, such as tires and
dynamic seals.

4.2. Carbon-Based Materials

Carbon-based fillers play a vital role in today’s technological and industrial fields.
Carbon-based fillers have attracted significant attention for their high thermal conductiv-
ity, lightweight properties, and corrosion resistance [82,83]. Graphite, carbon nanotubes,
graphene, and carbon fibers are the primary carbon-based fillers that significantly en-
hance the overall thermal conductivity of rubber matrices. However, the application
of carbon-based fillers in tire thermal conductivity materials still faces some challenges
and limitations.

Carbon black (CB) has become an indispensable reinforcing agent in the rubber in-
dustry due to its cost-effectiveness, which significantly improves the hardness, strength,
abrasion resistance, and thermal conductivity of rubber. It was found that adding carbon
black to natural rubber significantly increased the Payne effect [84]. Song et al. [85] in-
vestigated the thermal conductivity of six different types of carbon black/rubber com-
posites. They found that thermal conductivity increased with increasing filler content
(Figure 5). In recent years, as environmental protection requirements have increased, the
environmental pollution caused by carbon black in the tire production process cannot be
ignored [86]. Therefore, carbon black is no longer able to meet the multifaceted requirements
of rubber products.

 
Figure 5. Influence of CB varieties on thermal conductivity of the composites. Reprinted from [85], Copy-
right (2019), with permission from Elsevier.

Carbon nanotubes are often used as thermally conductive fillers in rubber composites
due to their unique structure. Aiming at the problems of high entanglement in the prepa-
ration process of carbon nanotubes and difficulty in dispersing uniformly in the rubber
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matrix, Lu et al. [87] present a new method to achieve good dispersion of multi-walled
carbon nanotubes (MWCNTs) in a rubber matrix. The obtained nanocomposites exhibit
excellent mechanical properties, thermal conductivity, and good resistance to crack ex-
tension and fatigue (Figure 6). This approach successfully solves the problems of the tire
industry in pursuing high performance, energy saving, and achieving sustainable mass
production of engineered tires, while creating new opportunities for the widespread use of
carbon nanotubes.

 

Figure 6. Thermal conductivity and heat buildup of rubber nanocomposites filled with carbon
nanotubes. Adapted with permission from Ref. [87]: Copyright (2016) Elsevier.

Carbon fiber is mainly used as a reinforcing filler in polymers to optimize their
mechanical properties, such as strength, stiffness and toughness. Meanwhile, its excellent
thermal conductivity can also be attributed to the polymer matrix [88]. However, the lack
of polar groups, such as hydroxyl and carboxyl groups, on the surface of carbon fibers
reduces adhesion between the fibers and the rubber matrix. Therefore, it is particularly
necessary to treat the surface of carbon fibers. Chen et al. [89] proposed a dual-modification
method to incorporate carbon fibers into natural rubber. The specific modification process
is shown in Figure 7. The results show that the enhancement of natural rubber properties
using three coupling agents (KH560, KH570, and KH590) varies, with KH590 showing the
most significant effect, increasing thermal conductivity by 71.3%.

 

Figure 7. Process of silane functional modification of carbon fiber. Reprinted from [89], Copyright
(2023), with permission from Elsevier.



Polymers 2025, 17, 3197 12 of 30

Graphite is a conventional carbon-based filler that is inexpensive and, at the same time,
endows rubber polymers with excellent heat transfer capability. Song et al. [90] developed
modified graphite/natural rubber composites, using modified graphite as the filler via
emulsion polymerization and polyacrylate modification. The findings indicated that when
the ratio of methyl methacrylate to n-butyl acrylate was 1:1, the thermal conductivity
reached a peak of 0.569 W/m·K, as illustrated in Figure 8. The incorporation of modified
graphite increased the cross-linking density of the composites, extended scorch time,
reduced vulcanization time, and enhanced mechanical properties. Consequently, these
results suggest that this rubber composite holds promise for tire applications, offering a
novel solution to improve tire heat dissipation.

 

Figure 8. Thermal conductivity of graphite filled NR composites. Reprinted from [90], Copyright
(2015), with permission from Elsevier.

Graphene, a two-dimensional material consisting of a single layer of carbon atoms, has
attracted considerable attention in recent years due to its exceptional thermal conductivity
and intrinsic charge mobility. Specifically, graphene/rubber composites have demonstrated
the potential to enhance thermal conductivity even with minimal filler content [91]. How-
ever, dispersion in the rubber matrix is quite essential, and the vulcanization process during
composite preparation also affects it. In addition, the high costs limit mass production. On
the contrary, graphene derivatives, such as graphene oxide (GO) and reduced graphene
oxide (rGO), can partially address the problem of homogeneous dispersion [92].

Xing et al. [93] investigated the effect of graphene (GE) nanofillers on the multifunc-
tionality of styrene butadiene rubber (SBR). Given graphene’s tendency to agglomerate and
poor dispersion in the rubber matrix, it needs to be modified to improve its compatibility
with the rubber matrix. Therefore, the researchers prepared graphene/styrene-butadiene
rubber nanocomposites using a modified latex blending method (Figure 9). Among them,
the tensile strength increased nearly 11 times at the graphene addition of 7 phr. In addi-
tion, the composites also achieved significant progress in other properties. The modified
graphene/SBR rubber nanocomposites exhibit excellent thermal stability, abrasion resis-
tance, thermal conductivity, and low heat accumulation and air permeability. It offers broad
application prospects for the development of “green tires”. In the future, with further
research, graphene/SBR composites are expected to be industrialized.
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Figure 9. Preparation of GE/SBR nanocomposites. Reprinted from [93], Copyright (2014), with
permission from Elsevier.

Overall, carbon-based fillers exhibit excellent mechanical, thermal, and optoelectronic
properties. A key advantage of carbon-based fillers over other fillers is that they signifi-
cantly improve thermal conductivity at lower loads. Therefore, rubber nanocomposites
with carbon-based fillers have the potential to be used in specific thermal management
applications. However, carbon-based fillers face multiple challenges for practical industrial
applications in heat sink devices, including processing difficulties, poor electrical insula-
tion, and cost issues [94]. Carbon-based thermally conductive fillers typically exhibit an
anisotropic structure, which can lead to severe defects when used in tires under complex,
harsh conditions. In addition, poor dispersion and low compatibility between the filler and
the matrix may lead to spalling or delamination, reducing the durability and reliability of
tires. To solve the problems of filler dispersion and interface compatibility, functionalization
and compatibilization technologies are the key approaches. Through covalent modification
or non-covalent modification, the surface energy of the filler can be effectively reduced,
agglomeration can be inhibited, and the interfacial interaction between the filler and the
rubber matrix can be enhanced, thereby improving the overall performance and durability
of the composite material.

4.3. Ceramic Fillers

Usually, high-thermal-conductivity ceramic materials are divided into three main
categories: oxides, nitrides, and carbides. Among them, nitrides and carbides have strong
interatomic bonds, and their solid crystal structure significantly reduces phonon scatter-
ing [11], which effectively improves thermal conductivity. Next, the application of ceramic
materials in tire rubber nanocomposites will be described in detail.

4.3.1. Oxides

Oxide fillers are low-cost and offer significant advantages in practical applications.
Therefore, research in thermally conductive rubber materials has received extensive at-
tention. The commonly used material, Al2O3, is an ideal filler for industrial applications
due to its good thermal conductivity, high resistivity, low cost, and non-toxicity. Among
them, the most widely used form is α-Al2O3, a crystalline form with the highest stability.
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However, to achieve high thermal conductivity in rubber composites, high filler amounts
(up to 70 wt%) are required, but this can come at the expense of mechanical properties,
flexibility, and processability [95,96].

Al2O3-filled rubber polymers inevitably face the challenge of thermal resistance.
Therefore, researchers have conducted extensive studies on reducing thermal resistance.
For Al2O3-based rubber composites, Al2O3 is usually modified using coupling agents.
He et al. [97] used vinyl trimethoxysilane (VTMS) to modify Al2O3 to improve the compat-
ibility between silicone rubber and Al2O3. Figure 10 illustrates the reaction mechanism
for the process, showing that VTMS undergoes a condensation reaction with hydroxyl or
carboxyl groups on the surface of alumina nanoparticles. Meanwhile, the introduction of
VTMS led to the formation of covalent bonds between the filler and the rubber chains, thus
firmly binding the filler to the matrix and improving the interfacial interactions. Compared
with the pure matrix, the modified composites showed better dispersion and improved ther-
mal conductivity by 104.7%, while the thermal conductivity of the SIR/alumina composites
without VTMS increased by only 76.8%.

 
Figure 10. Schematic of in situ modification reactions between nano-alumina and VTMS during the
curing procedure. Reprinted from [97], Copyright (2018), with permission from Elsevier.

To address the damage caused by high loads on the mechanical properties of materials.
Ouyang et al. [98] prepared silicone rubber composites using branched aluminum oxides
(B-Al2O3). Scanning electron microscopy (SEM) revealed that the irregular branched chain
structure promoted the overlapping distribution of fillers. The two-dimensional particles
exhibited good dispersion. The formation of sintered necks reduced the interfacial thermal
resistance between the filler and the matrix (Figure 11a,b). These properties enabled the
material not only to enhance thermal conductivity but also to maintain excellent mechanical
and electrical insulation.

Figure 11. (a,b) B-Al2O3 SEM images. Adapted with permission from Ref. [98].
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ZnO is a semiconductor material widely used in sunscreens [99], sensors [100],
biomedicine [101], photocatalysis [102], and the rubber industry. Meanwhile, as an essential
vulcanization activator, ZnO can accelerate the vulcanization rate of rubber materials and
improve their processing and physical properties. Most of the industrially produced ZnO
is used in the manufacture of rubber products, especially tire products [103].

As an indispensable additive in the tire industry, zinc oxide can improve the thermal
conductivity of tire rubber to a certain extent, which in turn promotes the dissipation of
heat from the tire; however, the literature shows that there are still fewer applications of
enhancing thermal conductivity through single zinc oxide particles filled with tire rubber
composites, and more often this is achieved through hybridization.

In conclusion, oxide ceramic fillers, due to their low cost and easy availability, show
great promise for rubber composites, especially in tires and other products. However, the
poor thermal conductivity of oxide ceramic fillers and the need for high loading to fill the
rubber matrix are their major drawbacks. Therefore, this problem can be solved by mixing
with other anisotropic thermally conductive fillers.

4.3.2. Nitrides

Nitride fillers are popular in heat dissipation due to their excellent thermal conductiv-
ity. Common nitride fillers include boron nitride, aluminum nitride, and silicon nitride.

Aluminum nitride (AlN) has high thermal conductivity, sound electrical insulation,
low coefficient of thermal expansion, and high hardness [104,105]. However, aluminum
nitride is prone to hygroscopicity and to hydrolysis, which can produce aluminum hydrox-
ide with poor thermal conductivity, blocking the formation of thermal conduction channels.
In industrial applications, aluminum nitride particles are often modified to improve their
hydrolysis resistance. Aluminum nitride (AlN) coated with polysilazane (PSZ) and amor-
phous ceramic (SiOC) was prepared by dip-coating method. In addition, the PSZ/AlN and
SiOC/AlN composites were embedded in a silicone rubber matrix. As shown in Figure 12,
the thermal conductivity of the modified and treated PSZ/AlN and SiOC/AlN rubber
composites was significantly higher than that of the untreated samples [106].

 

Figure 12. Thermal conductivity of silicone rubber filled untreated AlN, PSZ/AlN and SiOC/AlN at
various filler content. Reprinted from [106], Copyright (2013), with permission from Elsevier.

Despite its excellent thermal conductivity, aluminum nitride has been used less often
in rubber composites, especially in mass-produced parts such as tires, due to its high cost,
processing difficulty, and difficulty in matching properties.
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Boron nitride is an ideal filler for high-thermal-conductivity rubbers. In addition to its
inherent high thermal conductivity, high electrical resistivity, and low dielectric constant,
boron nitride offers lubricity, low density, and excellent thermal stability [107,108]. Cubic
boron nitride (c-BN) and hexagonal boron nitride (h-BN) are the two common crystal
types. Among them, hexagonal boron nitride, also known as “white graphene” because of
its graphite-like structure, has the best overall performance [109] and thus attracts much
attention from researchers.

Given h-BN’s stable properties, its incorporation into matrices such as natural
rubber [110], silicone rubber [111], nitrile rubber [112], and fluororubber [113] can sig-
nificantly enhance thermal conductivity and enable thermal management of h-BN rubber
composites under various working conditions.

When h-BN is used to fill the rubber matrix, problems such as poor dispersion, agglom-
eration, insignificant improvement of thermal conductivity, and degradation of mechanical
properties often occur. To address these issues, a common approach is to modify the
h-BN surface. At present, the modification of h-BN is mainly divided into non-covalent
modification by physical force and covalent modification by chemical reaction.

Yang et al. [114] researchers prepared BN-PDA-KH570/NR nanocomposites with
excellent mechanical properties and high thermal conductivity using a combination of
covalent and noncovalent methods. The specific experimental steps were as follows: h-BN
was first modified with polydopamine (PDA), then grafted with a silane coupling agent
(KH570), and finally, the treated BN and BN-PDA-KH570 flakes were doped into the NR
matrix. Considering the high cost of polydopamine, researchers developed a low-cost
poly(catechol/polyamine) (PCPA) layer to replace PDA [115]. In a follow-up experiment,
Yang et al. [116] prepared BN-PCPA-Si69/NR composites by modifying BN flakes with
PCPA and grafting them with Si69. Compared with pure NR, the thermal conductivity of
this composite was substantially increased (Figure 13), and the mechanical properties were
significantly improved.

Figure 13. Enhancement in thermal conductivities of BN/NR and BN-PCPA-Si69/NR composites.
Adapted with permission from Ref. [116]: Copyright (2020) Elsevier.

BNNSs have been initially applied in polymer materials to improve thermal conduc-
tivity, especially in electronics. Their application in tire rubber composites is still immature,
as large-scale production remains challenging.

Kuang et al. [117] prepared a mixture of stripped BNNSs with isopropyl alcohol
(IPA) via ultrasonication, diluted the solution with water, added natural rubber latex, and
finally coagulated the mix with a 1.0 wt% aqueous solution of calcium chloride, yielding
BNNSs/NR composites. The mixture required intense shear treatment to ensure uniform
dispersion and directional alignment within the rubber matrix. Experimental results
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demonstrate that when the BNNS content reaches 24.0 vol%, the thermal conductivity of
the BNNSs/NR composites is 10 times that of the pure NR matrix. The tire industry offers
significant potential for the use of oriented, thermally conductive BNNSs in natural rubber
composites (Figure 14).

 

Figure 14. Fabrication of BNNSs/SiR and BNNSs/NR nanocomposites. Reprinted from [117]. Copy-
right (2014), with permission from John Wiley and Sons.

Poor dispersion and weak interfacial interactions are common problems of h-BN in
a rubber matrix. To solve these problems, Yang et al. [118] proposed the use of biological
β-cyclodextrin (βCD) as an interfacial cross-linking agent to promote the homogeneous dis-
persion of hydroxylated h-BN (mBN) in epoxy butadiene rubber (EBR) through hydrogen
bonding to prepare EBR/CD/mBN nanocomposites, as shown in Figure 15a. The prepared
composites showed enhanced interfacial interaction and significantly improved mechanical
properties. Only 4 wt% mBN can dramatically improve thermal conductivity, indicating
that h-BN has potential applications in tire tread rubber composites (Figure 15b).

Figure 15. (a) Fabrication of EBR/βCD/mBN nanocomposites. (b) Trends in thermal conductivity of
vulcanized BR and BR-based nanocomposites with different mBN loadings at 25 ◦C. Adapted with
permission from Ref. [118]: Copyright (2019) Elsevier.

Silicon nitride (Si3N4) is a critical thermally conductive and insulating ceramic mate-
rial due to its low coefficient of thermal expansion, excellent high-temperature oxidation
resistance, outstanding corrosion resistance, high fracture toughness, and high compres-
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sive and flexural strength [119,120]. Current studies on Si3N4-filled polymers to improve
thermomechanical properties are mainly focused on various types of resin-based compos-
ites [121,122], whereas its application in a rubber matrix is relatively underexplored. Recent
studies have used Si3N4 as a high-thermal-conductivity filler in SBR/BR matrix composites
for the tire industry. The mechanical properties, including tensile and compressive, of the
composites were significantly improved, especially at 6 phr filler content. In addition, the
crosslinking density increased, the curing reaction accelerated, the scorch time shortened,
and the thermal conductivity enhanced [123]. Due to the high cost, they are usually mixed
with other lower-cost thermally conductive fillers.

In summary, nitride fillers, including aluminum nitride, boron nitride, and silicon
nitride, are among the ideal choices for filling rubber-based polymers due to their excel-
lent intrinsic thermal conductivity. However, their dispersion in rubber-based polymers,
material compatibility, high cost, and processing difficulties have limited their develop-
ment to the laboratory stage, and their application in large-scale products, such as tires,
remains challenging.

4.3.3. Carbides

Common carbide fillers include boron carbide (B4C) and silicon carbide (SiC).
Silicon carbide (SiC) is a compound formed through covalent bonding between carbon

and silicon [124]. It exhibits high mechanical strength, a low coefficient of thermal expan-
sion, robust chemical stability, and exceptional thermal conductivity among its numerous
qualities [125]. As a desirable material for high-thermal-conductivity composites, SiC is
widely used across various fields, including tire manufacturing. Studies indicate that the
heat transfer characteristics of tires are significantly affected by their curing time and heat
diffusion coefficient.

The effect of nano-SiC-filled styrene butadiene rubber/butadiene rubber (SBR/BR) on
tire tread dynamics was investigated. According to the findings, SiC particles significantly
accelerated the curing reaction and reduced the rubber matrix’s scorch time by about 10%.
The results for the heat-diffusion coefficient showed that the addition of SiC increased
the heat transfer rate during vulcanization by about 30%. The heat transfer rate after
curing increased by about 50%, especially at a filler content of 5 phr, and the results of the
de-heating data fitting showed that the tire heat-diffusion coefficient improved by about
97%, effectively preventing the tires from exploding at high temperatures [126].

After the introduction of B4C as a thermally conductive filler into natural rubber, the
composite’s thermal conductivity improves, and its heat generation is significantly reduced.
When the B4C filler is 45 vol%, the λ value is 0.76 W/m ·K [127].

Carbide ceramic fillers are prone to form anisotropic structures that form efficient
thermal-conductivity networks and provide additional heat-transfer paths. However, by-
products (carbon and graphite) from the synthesis process are difficult to remove, while the
increased conductivity may be helpful in applications that require insulating properties.

4.4. Hybridized Fillers

Although the introduction of a single particle can enhance the thermal conductivity of
composites, it may lead to a balance issue among dispersion, compatibility, and mechanical
properties. Composite filling with fillers of different types, morphologies, and sizes not
only enhances compactness and reduces viscosity, but also effectively creates synergistic
effects on the thermal conductivity channels [128].

The application of hybridized fillers in rubber matrix composites has become a new
trend. Table 2 provides a detailed summary of recent examples of hybridized fillers filled
into a rubber matrix to enhance thermal conductivity [129–142]. In the tire industry, the
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introduction of thermally conductive hybrid fillers provides a new solution for large-scale
formulations and is expected to drive industry advancements in several areas.

Table 2. Recent examples of hybrid fillers filled with different rubber matrixes.

Hybrid Fillers Rubber Matrix Filler Loading Filler Type λ1 λ2 Ref.

PCNT@RGO SBR 3 wt% 1D+2D 0.23 0.45 [129]
Al2O3@TA-
Fe3+@Ag NBR 50 vol% 0.15 0.90 [130]

Al2O3-PRd@BN-
PRd ENR 30 vol% 0D+2D 0.1390 0.5147 [131]

rGO-PDA@ Al2O3 NR 25 vol% 0D+2D 0.1726 0.863 [132]
SiCNWs@rGO SR 1.84 vol% 1D+2D 1.66 2.74 [133]

Al2O3-PDA@Ag NR 10 vol% 0.10 0.20 [134]
CF@ Al2O3 SR 25 vol% 0D+1D - 9.6 [135]

Zn@ZnO@CF SR 60 phr 0.48 1.53 [136]
rGO@ Al2O3 NR 18 vol% 0D+2D 0.168 0.514 [137]

BN@rGO NR 4.9 vol% 0.18 1.28 (λ||) [138]
Al2O3@PCPA@GO XNBR 30 vol% 0D+2D 0.16 0.48 [139]

AlN@CNT(1:1) NR 12 vol% 1D+2D - 0.502 [140]

CF@BN SR CF30 vol%BN10
vol% 1D+2D - 2.789 [141]

T-rGO@BN PDMS 14.3 vol% - 1.41 [142]

Currently, preparing graphene-rubber composites that combine high thermal con-
ductivity, high mechanical properties, and low heat accumulation remains challenging.
Duan et al. [143] prepared SiC/GO(SG) fillers by hybridizing GO with SiC. Subsequently,
SG-S multifunctional particles were formed by chemical deposition of nano-sulfur on their
surfaces, and finally, NR/SG-S composites were prepared. Notably, the SG-S filler not only
improved the interfacial interaction between the filler and the rubber but also achieved a
uniform dispersion of the vulcanizing agent. The results demonstrated that the thermal
conductivity was enhanced by 21.2% when the SG-S filler was doped at 4 phr compared to
NR/GO (Figure 16a), thereby significantly improving the tensile strength of the composites
and reducing heat buildup. In addition, simulation results show that NR/SG-S tires have
better thermal control than NR/GO tires (Figure 16b), with a maximum temperature 8 ◦C
lower, which helps to mitigate thermal damage and extend service life.

Figure 16. (a) Thermal conductivity of NR/GO, NR/SG, and NR/SG-S composites with different
filler loadings, (b) Temperature field of the simulated rubber tires of NR/GO, NR/SG, and NR/SG-S
by using ANSYS finite element. Adapted with permission from Ref. [143]: Copyright (2022) Elsevier.



Polymers 2025, 17, 3197 20 of 30

Previous studies have shown a synergistic interaction between carbon nanotubes and
carbon black. Blended fillers of carbon nanotubes and carbon black have shown promise
for reducing low-heat buildup in NR vulcanized rubber [49,144].

For example, by improving the dispersion state of MWCNT and enabling its blending
with CB, the focus was on the effect on the heat accumulation properties of NR/SBR-
based tire tread rubber. Analytical findings indicated that the addition of nano-MWCNT
significantly enhanced the composites’ thermal conductivity and reduced heat accumula-
tion, thereby extending tire service life. Meanwhile, curing parameters such as abrasion
resistance and tensile strength were also significantly improved [145].

In addition to the above-mentioned system, constructing an efficient thermal con-
duction network by leveraging the interaction among fillers of different dimensions is
another important strategy to give full play to the synergistic advantages of hybrid fillers.
Wang et al. [146] reported a PCL-SiO2/SBR composite material. The synergistic enhance-
ment mechanism lies in the fact that the hydrogen bonds and electrostatic interactions
between PKL and SiO2 effectively inhibit the agglomeration of fillers, ensuring their uni-
form dispersion in rubber. Meanwhile, the two work in synergy to enhance the interaction
with the rubber chain, constructing a solid filler network. Compared with carbon black, this
structure endows the material with superior mechanical properties, as well as lower rolling
resistance and heat generation. Similarly, another study by Wang et al. [147] demonstrated
that combining two-dimensional graphene with zero-dimensional carbon black, silicon
dioxide, and one-dimensional carbon nanotubes, respectively, can form a more efficient
heat conduction network. Specifically, graphene and carbon black can mutually inhibit
agglomeration and reduce interfacial thermal resistance. Silicon dioxide and graphene
form a “point-surface” structure, enhancing the transmission path of phonons. The com-
bination of graphene and carbon nanotubes achieves 1D-2D synergy, jointly constructing
three-dimensional heat conduction channels. These synergistic strategies based on different
mechanisms of action not only enhance the wear resistance of rubber composites but also
significantly improve their thermal conductivity, further highlighting the huge potential of
hybrid fillers in tire heat dissipation applications.

In exploring the application of Al2O3 in tire rubber composites, a novel filler system
was developed. By introducing polyhedral siloxane (POSS) units, Al2O3@POSS hybrid
fillers were formed. The presence of POSS units was shown to be crucial for forming
continuous networks and achieving compatibility between fillers and polymers. Notably, at
low filler loadings (15–10 v/v%), this modified filler exhibited a remarkable enhancement
in thermal diffusivity as well as an improvement in thermal conductivity (Figure 17). This
study lays the foundation for the large-scale application of Al2O3@POSS hybrid filler in
tire rubber composites [148].

 

Figure 17. Trends of thermal diffusivity (α) and thermal conductivity (k) for homopolymerized PB
and PB filled with unmodified and functionalized Al2O3 NPs. Reprinted from [148], Copyright
(2023), with permission from Elsevier.
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In the face of global energy constraints and environmental challenges, the tire in-
dustry has proposed “green tires” as a positive response. On the one hand, we are con-
cerned about the impact of tire performance on vehicle performance and economic benefits;
on the other hand, we are also worried about the environmental issues associated with
tire waste. Therefore, sustainable bio-based fillers are becoming a popular choice for
rubber composites [149].

Lignin, a renewable natural polymer, has been successfully incorporated into a rubber
matrix and has demonstrated unique advantages in curing, dynamic mechanical, and
thermal properties [150]. Butadiene rubber composites containing graphene oxide and
lignin fillers were prepared using lignin as a raw material to achieve their biodegradabil-
ity. The results showed that the lignin-filled composites have excellent heat resistance
and are suitable for extreme weather conditions. In addition, the 1 wt% lignin-filled SBR
exhibited good morphological characteristics and high porosity, along with exceptional
mechanical and biodegradability properties, making it suitable for tire applications. There-
fore, 1 wt% lignin-filled SBR composites are considered a potential choice for future green
tire applications [151].

In summary, hybridized fillers excel at thermal management in rubber composites
due to their synergistic effects. A variety of hybridized fillers can be effectively combined
with the rubber matrix to maintain the rubber’s processability and moldability. In hybrid
materials, the ratio of the different materials significantly affects the network structure and
the orientation of the fillers, and thus the homogeneity of heat transfer from the matrix.
This feature is crucial for rubber nanocomposites in tires. In tire design, two aspects must
be balanced to extend product life. One is to enhance the tire’s heat dissipation capacity
to prevent performance degradation at high temperatures, and the other is to avoid ply
delamination or spalling during use. This balance is crucial for the durability and safety
of tires [152].

5. Application of Microsimulation in Optimizing Thermal Conductivity
of Rubber Tires

With the synergistic development of multiple disciplines, the importance of simulation
methods in scientific research is increasing. Simulation, theory, and experiment complement
and verify each other.

Tire temperature is a key factor affecting its durability and performance, and the
failure characteristics of tire rubber are closely related to temperature. The method of
finite element analysis combined with experiment has been used for decades to study the
internal temperature distribution in tires [153,154]. This combination not only improves
the reliability of predictions but also advances tire technology.

In recent years, molecular dynamics (MD) simulations have become an essential
tool for scientific research, providing detailed microstructural and kinetic data that reveal
material properties [155]. Traditional tire heat dissipation studies have focused on macro-
scopic composite formulation design and thermodynamic analysis. In contrast, molecu-
lar dynamics simulations can elucidate the microscopic mechanism of heat transport in
rubber composites.

The impact of the rubber matrix structure on heat conductivity can be examined using
simulation techniques. For example, Zhao et al. [156] investigated the effects of styrene
composition ratio, temperature, and tensile strain on the thermal conductivity of SBR using
inverse nonequilibrium molecular dynamics simulations with full atomic resolution. The
findings showed that the thermal conductivity of SBR decreased as the styrene content
increased. In the direction of elongation, tensile strain exhibited an augmentation in thermal
conductivity; however, in the perpendicular orientation, it demonstrated a reduction. With
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increasing temperature, thermal conductivity first increases and then decreases. This
phenomenon stems from changes in phonon transport modes. The results of the study are
essential for the design of SBR thermal conductivity.

Molecular dynamics simulations can comprehensively elucidate the interactions be-
tween fillers and the matrix, thereby facilitating the rational design of filler-reinforced
rubbers. For instance, Yang et al. [157] integrated molecular dynamics simulations with
experimental methods to investigate how the degree of oxidation of graphene oxide (GO)
influences dispersion, interfacial adhesion, and heat transfer in butadiene-styrene-vinyl
pyridine rubber (VPR)/GO composites. The findings demonstrated that at 15% oxidation,
GO dispersion, composite mechanical characteristics, and thermal conductivity were all
optimized. Additionally, to thoroughly investigate how GO differs from other rubber
matrices in terms of interfacial interactions. Fu et al. [158] built a composite model via
MD simulation and combined it with experiments to explore the enhancement mechanism
of GO on NR, SBR, and XNBR. The results indicated that graphene oxide (GO) exhibited
optimal dispersion in XNBR, whereas its dispersion in natural rubber (NR) was suboptimal,
failing to enhance the material’s properties significantly. This study offers a novel approach
for the design of high-performance rubber nanocomposites.

The pretreatment of fillers with specific surface modification strategies has been proven
to be the key to optimizing the performance of composite materials. This point was fully
demonstrated in the boron nitride-filled system that was deeply explored through molecular
dynamics simulation. In this study, through a simple non-covalent modification process, boron
nitride (BN) was treated with superdispersants, effectively improving the thermal conductivity
and tensile properties of natural rubber (NR) composites while maintaining their intrinsic
structure. The results of molecular dynamics simulations indicate that this enhancement effect
stems from the increased molecular binding energy and the reduced free volume fraction after
the introduction of the dispersant, which confirms the improvement of interfacial compatibility
at the microscopic level [159]. Yang et al. [160] explored the enhancing effect and microscopic
mechanism of heat transfer at the interface of composite materials after hexagonal boron nitride
(h-BN) was modified by both covalent and non-covalent methods. The research combined
ACA ball milling with TA self-assembly to achieve the functionalization of h-BN. The
simulation results show that the dual modification can significantly reduce the interfacial
thermal resistance and increase the thermal conductivity, while the thermal stability of the
composite material is also improved simultaneously. This synergy effect is attributed to the
combined effect of the strengthening of interface bonding and the optimization of phonon
vibration power spectra. It is of great significance for understanding the heat conduction
mechanism and material design of filled thermal interface materials.

In addition, Liang et al. [161] explored the use of molecular dynamics-based CAPD
models in designing tire rubber polymer products with good heat dissipation properties.
Taking the butadiene rubber structure as an example, the calibration by the MD method
revealed that the properties of polybutadiene, such as thermal conductivity and density,
were found to be in good agreement with the reference data, which verified the validity of
MD in property model development.

In conclusion, molecular dynamics simulations provide a new perspective to study
the microstructure of rubber composites and their heat transfer mechanisms. With the
continuous advancement of computational technology, molecular dynamics simulation
will be able to handle more complex material systems and is expected to provide stronger
theoretical support for the interface modification of rubber nanocomposites. As research
deepens, we expect more breakthroughs and advances in the field of rubber materials in
the future.
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6. Summary
With continuous advances in materials science and growing market demand, thermally

conductive rubber composites are anticipated to find applications across an increasingly di-
verse range of fields. This research systematically investigates the mechanisms underlying
the thermal conductivity of rubber-matrix composites and the factors that influence it. A
comprehensive analysis of the thermal challenges associated with tire rubber, with special
emphasis on the use of various thermally conductive fillers to improve heat dissipation
in tire formulations. It aims to provide crucial theoretical support and a data basis for the
formulation design of tire rubber through molecular dynamics simulation, focusing on the
heat conduction mechanism, filler influence, and optimization of the crosslinking structure.

This paper primarily discusses the thermal-conductivity mechanism of rubber and
its polymers from the perspective of fillers, focusing on the effect of fillers on thermal
conductivity. Still, it does not delve into the impact of the rubber matrix structure on
thermal conductivity. Although the theoretical modeling of thermally conductive rubber
is not explored in this paper, this area has always been a hot research topic. Current
thermal conductivity models are usually specialized and poorly generalized and cannot
effectively predict the thermal conductivity of various systems constructed from new
materials. Therefore, a universal thermal conductivity model applicable to a variety of
fillers will be the focus of future research.

Although rubber composites show great potential for enhancing thermal conductivity
and reducing heat buildup in tires, there are still many problems with current research,
including (1) high cost and processing difficulties make tires difficult to produce on a
large scale, leading to slow progress in industrialization; (2) uniform dispersion of heat-
conducting particles in the rubber matrix is still a challenge; and (3) a high content of fillers
may lead to a degradation of mechanical properties.

Based on the above problems, future research will focus on the following aspects: First,
optimize processing technology and use electric and magnetic fields, as well as 3D printing,
to improve the compatibility and orientation of fillers in the rubber matrix. Second, actively
explore emerging nanofillers, such as nanocomposites. Third, to build a multifunctional
hybridization system for fillers. Fourthly, an in-depth study of the chemical properties of
materials and the thermal changes during thermal conductivity, seeking efficient surface
treatment methods. We believe that, in the near future, the performance of thermally
conductive rubber composites will continue to improve, thereby providing a stronger
guarantee of tire safety and durability.
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