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Abstract: At present, the rapid accumulation of heat and the heat dissipation of electronic equipment and
related components are important reasons that restrict the miniaturization, high integration, and high
power of electronic equipment. It seriously affects the performance and life of electronic devices.
Hence, improving the thermal conductivity of polymer composites (TCPCs) is the key to solving
this problem. Compared with manufacturing intrinsic thermally conductive polymer composites,
the method of filling the polymer matrix with thermally conductive fillers can better-enhance the
thermal conductivity (λ) of the composites. This review starts from the thermal conduction mechanism
and describes the factors affecting the λ of polymer composites, including filler type, filler morphology
and distribution, and the functional surface treatment of fillers. Next, we introduce the preparation
methods of filled thermally conductive polymer composites with different filler types. In addition,
some commonly used thermal-conductivity theoretical models have been introduced to better-analyze
the thermophysical properties of polymer composites. We discuss the simulation of λ and the
thermal conduction process of polymer composites based on molecular dynamics and finite element
analysis methods. Meanwhile, we briefly introduce the application of polymer composites in thermal
management. Finally, we outline the challenges and prospects of TCPCs.

Keywords: thermal conductivity; polymer composites; conductive network; thermal management

1. Introduction

At present, the rapid development of highly integrated and high-power microelectronic devices,
5G semiconductor chips, and integrated circuits has led to the continuous reduction in product size and
increment in product power [1,2]. The electronic equipment and its associated components produce a
large amount of heat during operation, so the heat generated will be in certain locations, resulting in
the problem of local overheating [3,4]. Therefore, the problem of rapid heat accumulation and heat
dissipation becomes increasingly more prominent, seriously affecting the stability and service life of
electronic products, and is also one of the most important difficulties at present [5–7]. There is evidence
that the performance of electronic products decreases by 10% when the temperature increases to
2 ◦C [8]. Hence, it is extremely urgent to prepare thermal management materials (TMMs) with excellent
comprehensive properties [9]. Thermal interface materials (TIMs) for the thermal management system
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of key components, which is usually made of polymer composites, can fill the space between the two
surfaces, thus increasing the effective contact area. TIMs have a significant improvement in interface
heat transfer, because the λ of air between two surfaces is particularly low (0.026 W/m·K). Consequently,
TIMs play an important role in the heat dissipation of electronic devices.

Polymer composites are widely used in various fields due to their excellent comprehensive
properties such as light weight, corrosion resistance, excellent flexibility, convenient processing, and low
cost. However, the inherent λ of most polymer substrates is very low (0.1–0.5 W/m·K) [3,4,10–12],
which severely limits their wide application in the above applications [13,14]. In the past few
decades, due to the excessive interfacial thermal resistance in the contact between the filler–filler
and filler–matrix interface of polymer composites, and the uneven distribution of fillers in the
matrices, the λ of polymer composites has not improved significantly even if the filler load is very
large. The greater the load, the worse the mechanical properties of composites. The research on
thermal composites will encounter great challenges. Although the λ of composites has been greatly
improved in theory, its effect in practical applications is not satisfactory. At present, there are
many commonly used methods to prepare thermally conductive composites, including chemical
vapor deposition (CVD) [15], plasma treatment [16,17], freeze casting [18], solid-phase extrusion
(SPE) [19], the sol–gel method [20], blending method [21], hot-pressed forming method [22,23],
forced network assembly [24–26], salt template [27], vacuum-assisted filtration [28], and ultrasonic
forced infiltration [29–31], etc. Many researchers have paid more attention to the study of thermally
conductive polymer composites (TCPCs) with outstanding comprehensive properties. They use
different materials and various proportions or introduce other new ways to improve λ, in order to
reduce the contact thermal resistance of polymer composites, further improve fillers in the polymer
matrices distribution, and build a more perfect thermal conduction network [10].

This work reviews three forms of heat transfer (thermal conduction, thermal radiation, and thermal
convection) and three accepted theories of heat conduction mechanisms (heat conduction path theory,
percolation theory, and thermoelastic coefficient theory). Next, the influencing factors of the λ of TCPCs
are expounded, including filler type, filler morphology and distribution, and the functional surface
treatment of fillers, and the preparation methods of TCPCs that possess superior comprehensive
properties are introduced in detail. Moreover, this review also introduces several common theoretical
models of λ and the characteristics of each model in detail. By using these models, the thermal and
physical properties of composites can be better-understood, and reasonable prediction results are given.
Various methods can be used to simulate the thermal properties of composites, and the model and
simulation can be used to verify and predict the best λ of the composites. The application of TIMs in
electronic equipment is also introduced. Finally, the challenges and prospects of TCPCs are discussed.

2. Thermal Conduction Mechanisms

In general, heat transfer can be conducted in three basic ways: Thermal conduction, thermal
convection, thermal radiation [32,33]. Thermal conduction refers to the process of heat energy transfer
caused by the existence of temperature differences in objects. Thermal convection is a process in which
heat flows through a fluid medium to stabilize the temperature uniformly. Thermal radiation refers to
the phenomenon that the object holds temperature and emits energy in the form of electromagnetic
waves. The heat transfer mechanisms of gases, liquids, and solids are different. Thermal conduction is
the main method of heat transfer in solids. In liquids and gases, the process of thermal conduction
often occurs at the same time as thermal convection, but thermal convection is a unique method of heat
transfer in liquids and gases. Thermal radiation is also a way of heat transfer, but it is distinguishable
from thermal conduction and thermal convection; it does not rely on the medium to transfer heat,
yet emits energy in the form of electromagnetic radiation.

The essence of heat conduction refers to the process that the thermal motions of molecules in
a substance collide with each other to transfer energy. In solid materials, due to the difference in
temperature, the kinetic energy of the particles at the nodes in the crystal is different. The heat energy
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inside the crystal is transferred from the part with high kinetic energy to the part with low kinetic energy.
In conductive material, there are a large number of free electrons that are constantly making irregular
thermal motions, and the general lattice vibration energy is low, so free electrons play a major role in
heat conduction. In insulated conductors, the main form of thermal conduction is the lattice vibration
of atoms and molecules near their equilibrium positions. The normal-mode energy quantum of lattice
vibration is called the phonon [32,34–36]. The phonon has no mass and obeys Bose–Einstein theory [33].

Polymers usually have no free electrons, and their thermal conduction mainly relies on phonon
transport. However, the polymer has characteristics of the random entanglement of molecular chains
and high relative molecular mass, so it is difficult to crystallize completely. These factors can lead
to phonon scattering and hinder phonon transfer. Therefore, the λ of most polymer composites
were relatively poor (0.1–0.5 W/m·K) [4,11,37–40]. At present, the synthesis of intrinsic thermally
conductive polymers and the preparation of filled thermally conductive polymers are the two main
methods for obtaining high TCPCs. Intrinsic thermally conductive polymers mainly change the
molecular chain structure of the polymer to obtain an ordered structure, thereby enhancing the λ
of composites. The filled thermally conductive polymer is stuffed with high-thermal-conductivity
inorganic fillers or metal fillers in the polymer matrices to obtain high TCPCs. Compared with the
low fabrication efficiency, cumbersome synthesis process, and high cost for the synthesis of intrinsic
thermally conductive polymer composites, the fabrication of the filled thermally conductive polymers
shows the advantages of easy operation, low cost, and suitability for industrial production. It has
already become the mainstream development direction of TCPCs [32,41–44].

The addition of high-thermal-conductivity fillers to polymer matrices can effectively improve the λ
of composites. However, the thermal conductivity mechanism of TCPCs will become very complicated
because it is related to the filler type, filler structure, filler distribution, filler content, interface thermal
resistance, and intrinsic thermal conductivity of the fillers. Currently, thermal conduction path theory,
percolation theory, and thermoelastic coefficient theories are the accepted explanation of the thermal
conductivity mechanism of TCPCs [33,36,45–47].

The thermal conduction path theory is, when the thermally conductive fillers are added to the
polymer matrices, the thermally conductive fillers form continuous networks inside the polymer
matrices, and heat is conducted along the filler network [9,48,49]. This theory feels easy to accept.

Percolation theory is similar to thermal conduction path theory. Percolation theory refers
to, when the filler load is low, the fillers are evenly dispersed in the polymer matrices to form a
“sea-island structure” without forming continuous networks, and the λ of the composites slowly
increases. When the thermally conductive fillers reach the percolation threshold, the thermally
conductive fillers are connected to each other to form a “sea-sea structure”, and the λ increases
sharply [50–52]. As the critical point is not obvious, this theory is controversial. Many experimental
results prove the correctness of this theory [50,53–55].

The changing law of λ is related to the coefficient of elasticity in classical elastic mechanics.
Therefore, the researchers regard λ as the thermally elastic coefficient of phonons in the propagation
process [33]. These are the thermoelastic coefficient theories. In other words, λ has nothing to do
with the transmission path, but depends on the overall performance of the composites. The transfer
efficiency of phonons increases with the improvement in λ and thermoelastic coefficient of composites.

3. Influencing Factors on Thermal Conductivity (λ) of TCPCs

The λ of most polymer matrices is poor, usually only 0.1–0.5 W/m·K, while the λ of thermally
conductive fillers is extremely high, and the λ of TCPCs is mainly provided by the thermally conductive
fillers. Thermal path theory reveals that the filler forms continuous conduction paths in the polymer
matrices to improve the λ of composites. However, the influence of the λ of TCPCs includes many
factors, like the filler type, filler morphology, distribution of fillers in the matrices, and interface
strength between fillers and matrices.
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3.1. Filler Type

Thermally conductive fillers can be briefly divided into four categories, namely carbon-based
fillers, inorganic fillers, metal fillers, and hybrid fillers. Common carbon-based fillers include
graphite, diamond, carbon nanotubes (CNTs), graphene, carbon fibers (CFs), etc. Common inorganic
fillers involve boron nitride (BN), boron nitride nanosheets (BNNSs), aluminum nitride (AlN),
silicon nitride (SiN), silicon carbide (SiC), alumina (Al2O3), etc. Common metal fillers cover silver (Ag),
copper (Cu), aluminum (Al), and so on. The fillers that have been functionalized are regarded as hybrid
fillers, and those commonly used are fluorinated graphene, fluorinated carbon nanotubes, and other
functionalized mixed fillers. Carbon-based fillers, metal fillers, and conductive inorganic fillers can
be used to prepare composites with high λ and outstanding electromagnetic shielding performance,
and have great potential in the application of TMMs. Insulating inorganic fillers and insulating hybrid
fillers are usually used to prepare thermally conductive and insulating composites, which have great
potential for applications in the field of microelectronics. Table 1 lists the λ of commonly used polymer
matrices and thermally conductive fillers at room temperature.

Table 1. λ of commonly used polymer matrices and fillers at room temperature.

Polymer Matrices λ
(W/m·K) Ref Thermally

Conductive Fillers
λ

(W/m·K) Ref

Epoxy (EP) 0.22 [56–58] Graphite 1500 [59]
Polydimethylsiloxane (PDMS) 0.27 [10] Graphene ~5300 [60–62]

Ethylene-vinyl acetate copolymer (EVA) 0.3 [3] Graphene oxide (GO) 1000 [63]
Polypropylene (PP) 0.21 [64] CNTs ~3500 [65–67]

Polymethyl methacrylate (PMMA) 0.22 [41,67,68] Short carbon fibers (SCFs) 550 [10]
Silicone Rubber (SR) 0.21 [69–71] h-BN 600 [72]

Polystyrene (PS) 0.19 [73] BNNS 1600–2000 [74,75]
Poly (ether-ether-ketone) (PEEK) 0.25 [76,77] Al2O3 36 [78,79]

Polyvinyl alcohol (PVA) 0.22 [80] Ag 430 [81,82]
Polyamide-imide (PAI) 0.21 [83] Cu 350–400 [58,84]

Polyimide (PI) 0.27 [85] Al 234 [86]
Polyvinylidene fluoride (PVDF) 0.2 [87] - - -

Polyamide (PA) 0.20 [88] - - -
Polylactic acid (PLA) 0.278 [13] - - -

3.2. Filler Morphology and Distribution

The shape of the thermally conductive fillers has a substantial impact on the λ of TCPCs [89].
According to the dimensionality, the fillers can be divided into four types: 0-D, 1-D, 2-D, and 3-D.
First, the 0-D fillers are dotted particles, including spherical or clustered structures, such as boron
nitride nanospheres and polystyrene microspheres. Second, the 1-D fillers are a strip structure including
tubes or rods, like CNTs, CFs, and nano-silver wires. Then, the 2-D fillers are sheet-like or layered
structures, including BN, graphene, and SiC. Next, the 3-D fillers are a three-dimensional network
structure that can reduce the interfacial thermal resistance between the matrix–filler or the filler–filler.
Figure 1 shows the thermal network of 0-D, 1-D, 2-D, and 3-D fillers. Generally, the filling effect of
flake fillers is better than those of spherical fillers or tubular fillers, because the contact area of the flake
structure is larger, and it is easier to form thermal networks and reduce the contact thermal resistance.
The size of the fillers is also extremely vital for improving λ. Smaller filler size means larger interface
areas and more phonon scattering when heat is being transported through the material. It is easier
for larger filler sizes to form percolation networks, which reduces the interfacial thermal resistance.
In addition, the larger filler surface areas can sometimes significantly increase the viscosity and cause
dispersion issues. Moreover, regardless of the size of the filler and the interfacial thermal resistance,
the λ is related to the formation of the thermal network [90–93].
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Figure 1. Thermal networks of (a) 0-D, (b) 1-D, (c) 2-D, and (d) 3-D fillers (reproduced with permission
from [94–97]).

Due to the difference in filler morphology, many thermally conductive fillers have anisotropy,
such as graphene, BN, CNTs, and CFs. The λ of these fillers in the orientation direction is higher;
on the contrary, that in the nonoriented direction is low. Hence, the orientation of the thermally
conductive fillers has a great influence on the thermal conductivity of the polymer composites (as shown
in Figure 2). The distribution of the thermally conductive fillers in the polymer matrices will determine
the orientation of the thermally conductive fillers.
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3.3. Functionalization

The interface strength between the fillers and the matrices is one of the important factors affecting
the λ of polymer composites. As the heat conduction at the interface will cause heat loss, the interface
strength is the main obstacle in the process of heat conduction [98,99]. A large number of studies have
shown that fillers and the matrices are mainly connected by van der Waals forces when thermally
conductive fillers are added to the polymer matrices. The fillers are connected to the matrices with
only the van der Waals force, which is weak, so the connection between the fillers and the matrices
is feeble, and the interfacial thermal resistance is enormous. When the fillers and the matrices are
linked by hydrogen bonds or covalent bonds, the interaction between the fillers and the matrices
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is relatively immense. They are conducive to the transportation of phonons and better-improve
the λ of composites [100–102]. Hence, by performing functional surface treatment on the fillers or
matrices, hydrogen bonds or covalent bonds can form better between the fillers and the matrices.
They can effectively reduce the interfacial thermal resistance between the fillers and the matrices,
thereby improving the λ of polymer composites.

4. Filled Thermally Conductive Polymer Composites and Preparation Method

Currently, constructing continuous networks by adding thermally conductive fillers to the polymer
matrices is the most effective way for thermal conductivity enhancement. We reviewed TCPCs with
excellent comprehensive properties prepared by many researchers using different methods according
to various filler types.

4.1. Carbon-Based Fillers/Polymer Composites

Carbon-based fillers usually have fine λ. Currently, commonly used carbon-based fillers include
graphite and its derivatives, CNTs, CFs, etc. Graphite derivatives include graphene, GO, and reduced
graphene oxide (rGO).

4.1.1. Graphite and Its Derivatives/Polymer Composites

Graphite, which is a natural, layered crystalline carbon, is a hexagonal crystal structure formed
by the covalent hexagonal combination of carbon atoms. The in-plane λ of graphite can reach
1500 W/m·K [59,103,104]. Graphene is a single-layer structure prepared by exfoliating graphite. It is a
2-D carbon nanomaterial with an excellent λ of around 5000 W/m·K. Compared with other traditional
fillers, graphene has superior performance and is considered a revolutionary material [105–107].
GO that is the oxide of graphene contains many oxygen-containing functional groups in its surface
and has relatively active chemical properties. It can boost its properties through various reactions with
functional groups. The oxygen-containing functional groups of graphene oxide are removed to obtain
rGO. Moreover, surface functionalization treatment of graphite or graphene can obtain derivatives
with specific functions, like fluorinated graphite and fluorinated graphene. Fluorinated graphite
and fluorinated graphene not only have excellent electrical and thermal conductivity, but also have
insulating properties that carbon-based fillers do not possess.

Zhang et al. [108] successfully synthesized graphene (Gr) reinforced-graphitized nano-diamonds
(NDs) composites with NDs as a matrix precursor and Gr as reinforcement. After sintering, the NDs
completely transformed into nano-graphite sheets (as shown in Figure 3a). As a result, the obtained
composites had excellent λ and outstanding electrical conductivity (as shown in Figure 3b,c).
Gu’s group [109] used a template method to prepare 3D porous graphene nanoplatelets/reduced
graphene oxide foam/epoxy (GNPs/rGO/epoxy (EP)) nanocomposites. The 3D graphene framework
with rGO was prepared by the freeze-drying method, and conductive networks and thermally
conductive networks were constructed in the EP matrices (as shown in Figure 4a). The (20.4 wt.%)
GNPs/(0.1 wt.%) rGO/EP composites had an outstanding λ of 1.56 W/m·K, an electrical conductivity up
to 179.2 S/m, and an electromagnetic interference shielding (EMI SE) value of 51 dB in the X-band range in
Figure 4b–e. Wu et al. [110] exfoliated fluorinated graphite to obtain fluorinated graphene (F-graphene),
and then prepared the flexible free-standing F-graphene composites films via vacuum-assisted filtration
F-graphene/polyvinyl alcohol (PVA) homogeneous dispersion (as shown in Figure 5a). The F-graphene
composites film had the well-organized alignment structure, with an excellent λ of 61.3 W/m·K and
superior electrical insulation properties with 93 wt.% F-graphene (as shown in Figure 5b,c). Figure 5d
shows the thermal conduction mechanism of F-graphene composites films. Table 2 illustrates the λ of
graphite and its derivatives/polymer composites.
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Table 2. λ of graphite and its derivatives/polymer composites.

Matrices Filler Composition and Loading λ (W/m·K) Years (Ref)

EP 10 wt.% expanded graphite (EG) 3.8 2018 [111]
PI 3 wt.% Ag + 12 wt.% rGO 2.12 2019 [112]
EP 20 wt.% CNT/MoS2/Graphene 4.60 2019 [113]
PAI 4.25 wt.% CF/rGO 0.53 2019 [83]
EP 9 wt.% rGO/Fe3O4 1.21 2019 [56]
PI 10 wt.% f-MWCNT-g-rGO 1.6 2019 [85]
PP 45 wt.% flake graphite + 5 wt.% spherical graphite 2.86 2020 [114]
PP 27 vol.% graphene 10.93 2020 [64]

PVA 30 wt.% functional graphite 21.3 2020 [115]
PVDF 10 wt.% Fe3O4@graphitic 2.306 2020 [116]

PMMA 5 vol.% GNP 0.92 2020 [117]
Octadecanol 9 wt.% SiC/EG 1.674 2020 [118]

EP 47 wt.% polyline-folded graphite paper 24.19 2020 [119]
EP 30 wt.% rGO@SiC 1.02 2020 [120]

Nano-fibrillated cellulose (NFC) 20 wt.% MgO@rGO 7.45 2020 [121]
PI 1 wt.% GO + 20 wt.% BN 11.23 2020 [122]
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4.1.2. Carbon Nanotubes/Polymer Composites

CNTs are 1-D nanofillers with a perfect hexagonal structure. Their radial dimension is
nanometer-level, while the axial dimension is micrometer-level. They can be divided into single-walled
carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs), which are very popular
thermally conductive fillers with λ of 2000 and 3000 W/m·K, respectively.

Wang et al. [123] prepared barium titanate@super short MWCNTs (BT@SSCNT) core–shell particle
core–shell particles in a closed reaction space (as shown in Figure 6a). Then, BT@SSCNT/PVDF
composite flexible films with excellent thermal and dielectric properties were prepared by solution
mixing. BT@SSCNT/PVDF composite films showed an excellentλof 25.43 W/m·K and superior dielectric
properties (as shown in Figure 6b,c). Xie et al. [124] prepared MWCNT@BNNS/epoxy nanocomposites
via functionalized surface treatment of MWCNT and BNNS to construct a three-dimensional thermal
conductivity network (as shown in Figure 7a). The highest λ of the MWCNT@BNNS/epoxy
nanocomposites could reach 1.92 W/m·K and showed excellent dielectric properties (as shown
in Figure 7b,c). Due to the excellent electrical conductivity of CNTs, its application in the field of
insulation is limited. In order to coordinate the electrical conductivity and λ of CNTs, Wang et al. [125]
used fluorinated carbon nanotubes (FCNTs) with insulating properties as thermally conductive fillers
to prepare nano-fibrillated cellulose (NFC) composites film via vacuum-assisted filtration (as shown in
Figure 8a). The NFC/FCNTs composites film was a layered structure, with a prominent λ of 14.1 W/m·K
and favorable electrical insulation properties with 21 wt.% FCNTs (as shown in Figure 8b–d). Table 3
shows the λ of carbon nanotubes/polymer composites.J. Compos. Sci. 2020, 4, 180 10 of 48 
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Table 3. λ of carbon nanotube/polymer composites.

Matrices Filler Composition and Loading λ (W/m·K) Years (Ref)

Poly(3-hexylthiophene-2,5-diyl) 24 wt.% MWCNT 4.7 2016 [126]

PA 1 wt.% CNT 16.9 2016 [90]

PVDF 10 wt.% MWCNT 1.55 2019 [127]

EP 20 wt.% CNT/MoS2/Graphene 4.60 2019 [113]
PI 10 wt.% f-MWCNT-g-rGO 1.6 2019 [85]

Polyvinyl-formaldehyde 4 wt.% MWCNT 65 2020 [128]

Slide-ring 45 wt.% carbon nanofiber (CNF)
and 5 wt.% CNT 14.2 2020 [129]

EVA 70 wt.% CNT@PDA 17.9 2020 [130]

4.1.3. Carbon Fiber/Polymer Composites

Carbon fiber is a high-strength, high-modulus 1-D nanofiller with a carbon content of more than
90%, which has excellent high-temperature resistance, friction resistance, and electrical and thermal
conductivity. Its main purpose is combining with resins, metals, ceramics, etc. to prepare advanced
composites as reinforcing material. The λ of carbon fiber can reach 100 W/m·K. It is widely used in the
preparation of TCPCs.

He et al. [131] prepared PDMS/short-carbon-fiber (SCF) composites via the spatial confining forced
network assembly (SCFNA) method (as shown in Figure 9a). The PDMS/SCF composites with an SCF
content of 18 wt.% and thickness of 0.1 mm indicated a favorable λ of 2.952 W/m·K and outstanding
electrical properties (as shown in Figure 9b–d). Zhang et al. [132] proposed a conversion method from a
“sand-like” to “stone-like” conductive network to prepared PDMS/SCF/glass bubbles (GB) composites
via SCFNA and adding glass bubbles (as shown in Figure 10a). The effect of rigid particles reduced heat
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dissipation and played the role of the volume exclusion effect. The results show that the maximum λ of
the PDMS/SCF/GB could reach 11.69 W/m·K with 30 wt.% SCF and 2 wt.% GB; meanwhile, it possessed
superior mechanical properties (as shown in Figure 10b,c). The thermal dissipation of “stone-like”
thermally conductive networks (Qstone) was much lower than that of the “sand-like” thermally
conductive networks (Qsand) (as shown in Figure 10d). Wang et al. [133] prepared epoxy/CF/Al2O3

composites via a facile method that infiltrated epoxy resin into the CF/Al2O3 framework that was
prepared by blending. This CF/Al2O3 framework could effectively reduce the interfacial thermal
resistance between the matrices and the CF (as shown in Figure 11a). Epoxy/CF/Al2O3 λ could reach
3.84 W/m·K with the 6.4 wt.% CF and 74 wt.% Al2O3, which increased by 2096.6% compared with the
pure epoxy (as shown in Figure 11b,c). Table 4 shows the λ of carbon fiber/polymer composites.
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EP 30.2 wt.% CF-MXenes 9.68 2020 [139]
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4.2. Inorganic Fillers/Polymer Composites

Inorganic thermally conductive fillers usually have high λ and electrical insulation properties,
and they are mainly used to prepare thermally conductive insulating composites. Commonly used
inorganic fillers are BN, AlN, SiC, Al2O3, Si3N4, and so on. The λ of boron nitride is much higher than
other inorganic fillers.

4.2.1. Boron Nitrides/Polymer Composites

BN is a mixture of boron and nitrogen, a crystal composed of nitrogen atoms and boron atoms,
with a chemical composition of 43.6% boron and 56.4% nitrogen. It has prominent lubrication and
abrasion properties, and high thermal conductivity and electrical insulation. Different arrangements of
boron and nitrogen atoms produce different structures. Among various forms of BN, h-BN has recently
attracted widespread attention due to its good heat dissipation capability. It can be compared with
graphene used to prepare TMMs. The h-BN can also be processed by chemical treatment, heat treatment,
mechanical treatment, and ultrasonic treatment to facilitate exfoliated h-BN, in order to obtain a single
layer or several layers of BNNS connected by van der Waals forces. The in-plane λ of h-BN can reach
400 W/m·K, while the λ of exfoliated BNNS can reach 1600–2000 W/m·K [140]. Due to the outstanding
properties of BN, many researchers are dedicated to the preparation of BN/polymer composites.

Chen et al. [27] prepared the BN-poly (vinylidene difluoride) (PVDF) scaffold by the salt
template method using PVDF as the adhesive, and manufactured the corresponding epoxy
composites via vacuum-assisted impregnation (as shown in Figure 12a). The epoxy/BN-PVDF
composites exhibited a high λ of 1.227 W/m·K at an BN content of 35 wt.%, contributed
by the constructed BN pathway held together by PVDF adhesive (as shown in Figure 12b,c).
Ma et al. [141] prepared polydopamine-functionalized boron nitride nanosheet (BNNS@PDA)/aramid
nanofiber (ANF) thermally conductive composites papers with nacre-mimetic layered structures
through vacuum-assisted filtration and hot pressing (as shown in Figure 13a). Figure 13b shows the
optical picture of the product. Figure 13d shows the layered structures of sample, and the in-plane λ of
the 50 wt.% BNNS@PDA/ANF composites papers reached 3.94 W/m·K. Meanwhile, the composites
had excellent mechanical properties and outstanding thermal stability that the tensile strength
reached 36.8 MPa and the heat resistance index (THRI) attained 223.1 ◦C (as shown in Figure 13e).
Zhao et al. [94] reported a new method to effectively improve the λ of epoxy composites by the
micro-nano coordination effect. They used the liquid exfoliation method to prepare BNNS and the
solution blending and curing process to prepare BNNSs/boron nitride microspheres (BNMSs)/epoxy
composites, constructing a three-dimensional thermally conductive network with nanoscale 2D
BNNSs, as shown in Figure 14a,d. The BNNSs/BNMSs/epoxy composites with a filler loading of
30 wt.% showed a prominent λ of 1.148 W/m·K and outstanding electrical insulation properties
(as shown in Figure 14b,c). Huang et al. [142] reported a novel radially aligned three-dimensional
boron nitride nanosheets (BNNS)/epoxy composite via the radial freeze-casting method (as shown
in Figure 15a). The radially aligned BNNS/epoxy composite exhibits bidirectional high thermal
conductivity, with 4.02 W/m·K in the through-plane direction and 3.87 W/m·K in the in-plane direction
at a BNNS content of 15 vol.% (as shown in Figure 15b,c). Meanwhile, the change in thermal
conductivity of BNNS/epoxy composites with temperature is shown in Figure 15d. Table 5 shows the
λ of boron nitride/polymer composites.
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Figure 13. (a) Schematic illustration of the preparation of boron nitride nanosheet (BNNS)@PDA/aramid
nanofiber (ANF) composites papers. (b) Photographs of BNNS@PDA/ANF composites papers.
(c) Tensile stress–strain curves of BNNS/ANF and BNNS@PDA/ANF composites papers. (d) Cross-sectional
morphologies of 50 wt.% BNNS@PDA/ANF composites papers and in-plane thermal conductivity coefficient
of composites papers (reproduced with permission from [141]).
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Table 5. λ of boron nitride/polymer composites.

Matrices Filler Composition and Loading λ (W/m·K) Years (Ref)

PA66 20 wt.% h-BN 26.13 2019 [17]

NFC 4.4 vol.% BNNS 1.56 2019 [143]

PS/PP 50 wt.% BN 5.57 2020 [73]

PDMS 35 wt.% BNNS 1.16 2020 [144]
EP 15 vol.% BNNS 4.02 2020 [142]

PEEK 30 wt.% BN 1.01 2020 [76]
ANF 70 wt.% BN 122.5 2020 [145]

Ultrahigh molecular weight polyethylene 50 vol.% h-BN 23.03 2020 [146]
EVA 50 wt.% BNNS 13.2 2020 [28]

polyethylene glycol 27 wt.% BN@chitosan 2.77 2020 [147]
PVDF 60 wt.% BNNS 11.88 2019 [87]
NFC 40 wt.% BNNS 20.64 2020 [148]
EP 10 wt.% BN 1.65 2020 [149]
EP 10 wt.% BNNS-Ag-graphene 5.40 2020 [150]

PVDF 25 wt.% h-BN/MWCNTs-SiO2 1.51 2020 [151]
PVA 0.9 wt.% ND+29.1 wt.% BNNS 15.49 2020 [80]
EP 40 wt.% APTES-BNNS 5.86 2020 [152]
PI 1 wt.% GO + 20 wt.% BN 11.203 2020 [122]

4.2.2. Other Inorganic Filler/Polymer Composites

Although the performance of other inorganic fillers (SiN, SiC, Al2O3, Si3N4, etc.) is not as good
as that of BN, they are also one of the important fillers used to prepare thermally conductive and
insulating composites.

Ouyang et al. [79] used high-frequency thermal plasma to treat Al2O3 nanospheres as thermally
conductive fillers to prepare Al2O3/silicon rubber (SR) composites (as shown in Figure 16a,b).
The Al2O3/SR composites possessed a superior λ of 1.53 W/m·K and volume resistivity (as shown
in Figure 16c,d). Meanwhile, the Al2O3/SR composites also exhibited good dielectric properties,
outstanding mechanical properties, and thermal stability. Han et al. [153] prepared novel
hetero-structured silicon carbide-boron nitride nanosheets (SiC-BNNS) as thermally conductive and
insulating fillers through sol–gel and in-situ growth methods, and they prepared the SiC-BNNS/epoxy
thermally conductive nanocomposites by the blending-casting approach (as shown in Figure 17a).
Figure 17b shows the SEM images of hetero-structured SiC-BNNS with different ratios. Obviously,
SiC grew on the surface of BNNSs. The SiC-BNNS/epoxy composites with a filler loading of 20 wt.%
showed a favorable λ of 0.89 W/m·K in Figure 17d and excellent breakdown strength and the electrical
insulating properties in Figure 17e,f, respectively. Wu et al. [154] introduced a kind of reticulated
porous alumina ceramics (RPCs) into EP doped with tetrapod-like zinc oxide whiskers (T-ZnOw)
to produce EP/Al2O3/T-ZnOw composites with a continuous interpenetrating network structure
(as shown in Figure 18a). Figure 18b shows the typical images of the reticulated porous ceramics
(left) and processed samples (right). The EP/Al2O3/T-ZnOw composites showed an excellent λ of
1.968 W/m·K and outstanding mechanical properties (as shown in Figure 18c–e). Table 6 shows the λ
of other inorganic fillers/polymer composites.
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Figure 17. (a) Schematic diagram for the fabrication of (SiC-BNNS)/epoxy thermally conductive
nano-composites. (b) SEM images of (SiC-BNNS, 2/1)-(I), (SiC-BNNS, 1/1)-(II), and (SiC-BNNS, 1/2)-(III).
(c) Thermally conductive mechanism for hetero-structured SiC-BNNS fillers. (d) λ, (e) breakdown
strength, and (f) electrical resistivity of the SiC-BNNS-(II)/epoxy thermally conductive nanocomposites
(reproduced with permission from [153]).
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Figure 18. (a) Schematic diagram for the fabrication of EP/reticulated porous alumina ceramics
(RPCs)/T-ZnOw composites. (b) Typical images of the reticulated porous ceramics (left) and processed
samples of EP/RPC/T-ZnOw composites (right). (c) λ, (d) flexural strength, and (e) flexural modulus of
EP/RPCs/T-ZnOw composites (reproduced with permission from [154]).

Table 6. λ of other inorganic fillers/polymer composites.

Matrices Filler Composition and Loading λ (W/m·K) Years (Ref)

EP 9 wt.% rGO/Fe3O4 1.21 2019 [56]
SR 20 vol.% ZnOs/ZnOw 1.31 2018 [155]
EP 60 wt.% Al2O3, 3 wt.% MWCNTs and 8 wt.% SiO2 1.73 2019 [156]
EP 23 vol.% f-Al2O3 2.58 2019 [157]

PLA 38 wt.% Al2O3 + 2 wt.% AlN 0.72 2019 [13]
PTFE 62 vol.% Si3N4 1.3 2019 [158]
PVDF 70 wt.% ND@SiC 2.39 2020 [159]
NFC 20 wt.% MgO@rGO 7.45 2020 [121]
EP 3.71 vol.% SiC 14.32 2020 [160]
EP 6.52 vol.%3D-SiC 10.26 2020 [161]
EP 47.26 vol.% aluminum nitride honeycomb 9.48 2020 [162]
SR 12 vol.% CFs and 30 vol.% Al2O3 7.36 2020 [137]

PDMS 35 wt.% BN and 30 wt.% Al2O3 3.63 2020 [163]
PDMS 80 wt.% AlN 4.19 2020 [16]
CNF 25 wt.% of AlN 4.20 2020 [164]

4.3. Metal Fillers/Polymer Composites

Metal fillers have excellent thermal- and electrical-conductivity properties. For example, the λ of
silver, copper, and aluminum can reach 430 [81,82], 350–400 [58,84], and 234 W/m·K [86], respectively.
They can be used to prepare TCPCs with outstanding EMI SE performance.

Xu et al. [58] fabricated a unique 3D interconnected Cu network to enhance the thermal conductivity
properties of epoxy composites. They used Carbon felt (CFelt) as a 3D skeleton, and electroplated
Cu on the surface of CFelt to construct the 3D Cu film network, which can serve as a continuous heat
conduction path (as shown in Figure 19a). Figure 19b shows the heat conduction in the CFelt/epoxy
and Cu-CFelt/epoxy composites. The Cu-CFelt/epoxy composites with the Cu content of 30 wt.%
showed an ultrahigh λ of 30.69 W/m·K, which was nearly 140 times higher than that of pure epoxy
(as shown in Figure 19c). Additionally, the Cu-CFelt/epoxy composites maintained excellent mechanical
properties and presented superior electrical conductivity of 7.49 × 104 S/cm. Ji et al. [165] prepared
MXene/Ag aerogels via combining the ice-templating and freeze-drying methods. They prepared
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MXene/Ag-epoxy nanocomposites films by vacuum-assisted penetration (as shown in Figure 20a).
Figure 20b shows 3-D networks and the heat transfer model, where Ag nanoparticles fell on the surface
of MXene, reducing the contact resistance between individual MXene nanosheets. In Figure 20c,
MXene/Ag-epoxy nanocomposites films possessed an excellent through-plane λ of 2.65 W/m·K with a
relatively low loading of 15.1 vol.%. Chang et al. [86] used a plasma-enhanced CVD process to grow
uniform and dense carbon nanotubes (CNT) on the surface of graphite film (GF). The synthesized
carbon nanotubes can act as a bridge between GF and Al to enhance the interface performance
and improve the thermal performance of GF/Al laminate composites. As a result, layer-by-layer
CNTs-GF/Al composites that are manufactured can enhance the mechanical properties and thermal
management capabilities (as shown in Figure 21a). The CNTs-GF/Al composites showed an ultrahigh
in-plane λ of 1042 W/m·K and through-plane λ of 47 W/m·K (as shown in Figure 21b). Table 7 shows
the λ of metal fillers/polymer composites.
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Table 7. λ of metal fillers/polymer composites.

Matrices Filler Composition and Loading λ (W/m·K) Years (Ref)

EP 20 wt.% Te/MoS2/Ag 10.4 2019 [166]
PVA 10 wt.% Ag-GNPs 8.45 2020 [167]

Polybenzoxazine 25 wt.% BN@Cu 1.049 2020 [168]
PI 15 wt.% Ag/rGO 2.12 2019 [112]

PMMA 50 wt.% Cu@PMMA 3.38 2019 [169]

5. Theoretical Models for Thermally Conductive Polymers Composites

Many professors have obtained many theoretical models when studying the thermal conduction
theory of polymer composites. In this way, the thermophysical properties of composites can be
better-understood and logical prediction results can be given [170]. The following is a brief introduction
to several major theoretical models and their merits and limitations.

5.1. Maxwell–Eucken Model

The model is based on the Maxwell utilization of potential theory. It assumes that all the fillers
are clustered at the center of the cube block of the composites, thus obtaining precise solutions for the
conductivity of randomly distributed and noninteracting spheres in homogeneous media. Eucken
replaced electrical conductivity with thermal conductivity to attain the thermal conductivity model of
an interaction-free homogeneous sphere randomly distributed in homogeneous matrices. This model
is presented as follows [171–173]:

λ = λm

λ f + 2λm + 2V f
(
λ f − λm

)
λ f + 2λm − 2V f

(
λ f − λm

)  (1)

where λm is the thermal conductivity of the matrices, λ f is the thermal conductivity of the filler particles,
and V f represents the volume fraction of the fillers (the same below). The model is only applicable to
the low content of fillers in composites. That is to say, the theoretical curve of the Maxwell–Eucken
model is close to the experimental data when the filling content is low. The difference between them is
obvious when the filling amount is high. Therefore, when using this model, we must pay attention to
satisfying the prerequisite conditions of Maxwell’s equation: Low particle content, isolated existence,
and no interaction.

5.2. Hasselman–Johnson Model

To figure out the model problems existing in the Maxwell–Eucken model, the Hasselman–Johnson
(H–J) model is proposed to develop the Maxwell–Eucken model and introduces the effects of two-phase
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interfaces of composites [174]. The H–J model is widely used to analyze and forecast the λ of
particle-reinforced composites [175,176]. The H–J expression of the theoretical model is:

λ =
λ f

[
2λ f + λ

e f f
m +2

(
λ

e f f
m − λ f

)
V f

]
2λ f + λ

e f f
m −(λ

e f f
m − λ f )V f

(2)

λ
e f f
m =

λm

1 +
λm

h·r

(3)

where r represents the radius of the spherical particles in the reinforced phase, h expresses the interfacial
thermal conductance of the composites, and λe f f

m is the effective λ of the fillers in the reinforced phase.
The H–J theoretical model has been widely used in the research area of particle-reinforced composites,
especially in the specific two-phase interface structure of composites. However, the H–J model has
some disadvantages similar to the above model. Under the condition of lower particle content in
the second phase, the H–J theoretical model is more consistent with the experimental results and has
better applicability.

5.3. Bruggeman Model

Bruggeman [177] has established a relationship between the λ of granular materials in the
continuous phase. This model is also the expansion to the Maxwell–Eucken model. When the volume
fraction of filler particles is high and the distance between particles is small, the interaction between
particles should be considered. Based on the Bruggeman integral embedding principle, the equation of
thermal conductivity is derived:

1−V f =
λ f − λ

λ f − λm

(
λm

λ

)1/3
(4)

The model is suitable for predicting high-thermal-conductivity filler content and particle
interaction, and the experimental data are consistent with the theoretical curve of the model.

5.4. Hamilton–Crosser Model

Hamilton [178] thought the geometry of the reinforcements was also related to the λ of the
composites. It is assumed that a model is a heterogeneous system consisting of a continuous phase
and a dispersed phase. Particles of different shapes are randomly dispersed in the continuous phase.
Based on this conjecture, he derived a general TCPC model:

λ = λm

λ f + (n− 1)λm + (n− 1)V f
(
λ f − λm

)
λ f + (n− 1)λm −V f

(
λ f − λm

)  (5)

where n = ψ/3 and ψ is the sphericity of the thermal fillers. Sphericity is defined as the ratio of the
surface area of a sphere with the same volume as the object to the surface area of the object. If the
thermal conduction fillers are spherical, ψ = 1, n = 3. This model studies the relationship between the
λ of heterogeneous two-component mixtures and the composition, λ of the pure components, and the
shape of particles.

5.5. Parallel and Series Model

The simplest mixed-rule models are the parallel model and series model [179]. The parallel and
series models are shown in Figure 22.
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The prediction of extreme λ by the parallel and series model is based on the conductivity theory
of parallel and series circuits. The parallel model and series model are usually the maximum and the
minimum extreme value of composites in the two-component system, respectively.

5.6. Agari Model

Agari [180] proposed a new thermal conduction model, which discussed the λ of polymer
composites with different filler types added to the matrices. The previous two-phase system model
proposed by most people only discussed the λ of a single-filler polymer. This model can predict well
the λ of composites when the thermal particles contact each other and form thermal-conductivity
networks under the condition of high filler content.

The parallel and series models proposed above can be regarded as two extreme model systems,
and the actual λ of the composite exists between the two models. The λ of multicomponent (multiphase)
composites in parallel and series models can be estimated by the following equation respectively:

Multiphase parallel conduction:

λ = V1· λ1 + V2· λ2 + V3· λ3 + · · · (8)

Multiphase series conduction:

1
λ
=

V1

λ1
+

V2

λ2
+

V3

λ3
+ · · · (9)

where λ1 is the thermal conductivity of a polymer; λ2, λ3, λ1, etc. represent the thermal conductivities
of fillers 2, 3, 4, etc., respectively; V1 is the volume content of the polymer; V2, V3, V4, etc. represent
the volume content of fillers 2, 3, 4, etc.; and V1 + V2 + V3 + V4 = 1.

Considering the heat conduction chain formed by the interaction of particles, the shape and
relative content of particles, and other factors, the following equation is obtained [172,181,182]:

log k = V1· log(C1k1) + V2·C2· log k2 + V3·C3· log k3 + · · · (10)

where C1 represents the influence factor of the crystallinity and crystal size of the polymer; and C2, C3,
C4, etc. represent the difficulty of forming the thermal conductivity chain.

For different theoretical models, the factors affecting the λ of composites are also distinguishable.
It mainly includes the λ of the fillers and the matrices itself, the content of the fillers, the size and
morphology of the fillers, and the interaction between the fillers and the matrices. The theoretical
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model proposed at present is not perfect enough to fully reflect the thermal conduction mechanism
of composites, so researchers need to constantly revise and innovate the theoretical model based on
experiments. Table 8 gives a brief summary of the characteristics of various models.

Table 8. Characteristics of thermal conductivity model.

Model Name Filler Type Range of Application

Maxwell–Eucken model Homogeneous spherical particles Suitable for low filling amount and
no interaction between particles

Hasselman–Johnson (H–J) model Homogeneous spherical particles
Applicable to consider the

influence of particle radius and
two-phase interface

Bruggeman Model Homogeneous spherical particles
Suitable for high filling volume,

and consider the aggregation type
and interaction between particles

Hamilton–Grosser model Various shapes and sizes Suitable for fillers of any shape

Parallel and series model Various shapes and sizes
Applicable to prediction of
extreme values: Maximum

or minimum

Agari mode Various shapes and sizes

Suitable for high filling quantity
and consider polyphase filling,

agglomeration, crystallinity,
and crystal size

5.7. New Development of Thermal Conductivity Models for Polymer-Based Composites

In recent years, the thermal conductivity model of polymer-based composites has developed
rapidly, and the influence of other factors has been further studied on the basis of predecessors.
Shimizu et al. [183], in their study on refractory brick, reduced λ by increasing porosity, and explored
the thermal conductivity model of high-porosity alumina refractory brick. The results show that the
porous refractory was strongly affected by thermal radiation when the temperature was higher than
783 K. In addition, the higher the temperature, the higher the λ, while the λ of alumina decreased with
temperature. The specific expression is as follows:

λ =
1
3
·λ f ·(1− P) + λair·P

1
3 +

2
3
× 0.1942·ε·

( T
300

)3
Dp·P

1
3 (11)

where ε is the heat diffusion coefficient, Dp is the average pore diameter, T is the temperature, and P is
the porosity. The model takes into account the effects of porosity, temperature, pore diameter, and other
parameters, and better-describes the effects of convection and radiation on the heat conduction process.

Drozdov [184] provides a model for theλ of highly filled composites. The specific expression is as follows:

dX
dϕ

=
1

1−ϕ

[
1
3

R1(1−Λ) +
BΛ(R2 −X)X)

R2 + (B− 1)X

]
(12)

where X(0) = 1; X = λ/λm; Λ represents the volume fraction of particles aggregated into finite clusters;
B is how the shape of separated particles and their finite clusters deviate from the spherical; R1 and R2

are the ratios of the effective thermal conductivities of fillers λf1 and λf2, respectively, to the thermal
conductivity of matrix λm; and ϕ denotes the volume fractions of particles. The model takes into
account the agglomeration of filler particles, the formation of the thermal conduction network, and the
thermal resistance at the interface between matrix and fillers.

6. Simulations of Thermally Conductive Polymers Composites

TCPCs were prepared by diverse methods with higher λ. Their mechanisms of the heat dissipation
or heat generation were simulated by various simulation software. It is extremely necessary to do these
simulations, which can be compared with the experimental results to further testify that the thermally
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conductive composites prepared have excellent thermal management ability. Consequently, researchers
have been inclined to add simulation content to the results and discussion in the paper. There are
numerous simulation methods, and this review focuses on the molecular dynamics simulation and
ANSYS finite element analysis of TCPCs.

6.1. Molecular Dynamics Simulation

In recent years, scientists have gradually studied the heat transfer problem at the micro scale.
In this case, the applicability of the classical theory of heat transfer will be not suitable. Researchers
urgently need to put forward some new theories to analyze the micro-scale heat transfer problem [185].
With the rapid development of microelectronics, nanochip, and nanoscience, the size of devices tends
to be miniaturized gradually. The scientists studied heat transfer, which was based on a spatial scale of
nanometers and a time scale of 10–15 fs. These issues need to be analyzed at the molecular and atomic
levels [186]. The molecular dynamics (MD) method is a computer simulation method that treats the
molecules/atoms in the system as classical particles and studies their properties from the perspective
of statistical mechanics [186,187].

The basic principle of the MD method is to solve the problem of the interaction potential between
specific molecules/atoms in the system and the Newton equation of motion for molecules/atoms
with system external constraints. Then, the microscopic process of the system evolution over time
is simulated and the equilibrium parameters and transport properties of the system are calculated
statistically. Thermal conductivity is an important parameter to control the heat conduction of
micro-scale systems, especially solid materials. At the micro-scale, MD simulation can better-predict
the λ of composites. It can be mutually verified with experimental results to increase the reliability of
the experiment. MD can be roughly divided into two types, equilibrium molecular dynamics (EMD)
and nonequilibrium molecular dynamics (NEMD).

EMD method for thermal conductivity. The EMD is a Green–Kubo equation based on the
fluctuation dissipation theorem and linear response theory [188]. The correlation function of heat
flow at the microcosmic scale is related to the heat transfer coefficient of the equilibrium state by the
Green–Kubo equation [189]. The thermal conductivity in EMD can be defined as:

λ =
V

3kBT2

∫
〈

→

j (0)
→

j (t)〉dt (13)

where V represents the volume, kB represents the Boltzmann constant, T is the temperature of the

system,
→

j is the heat flow, and 〈〉 is the average time of the ensemble.
→

j heat flow is also calculated as:

→

j =
1
V

∑
I

Ei
→
vi −

∑
I

Si
→
vi

 (14)

where Ei shows the total energy of atom i,
→
vi shows the velocity, and Si is the symmetric stress tensor of atom i.

NEMD method for thermal conductivity. NEMD is usually applied to foretell the λ of
composites [190]. The thermal conductivity in NEMD is defined as:

G =

.
Q

A∆T
(15)

where
.

Q represents heat flow, A represents interfacial area, and ∆T is the temperature difference.
The flux in the system produces an unbalanced temperature distribution, which is derived from the
average kinetic energy of the atoms in all the plates. The equation is expressed as:

TJ =
1

3kBNS

∑
i∈S j

mv2
i (16)
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where TJ represents the temperature of the j plate, NS is the number of atoms in a plate, m represents
the mass, and vi is the instantaneous velocity of the atom i.

Yao et al. [191] reported that a three-dimensional (3D BN-SiC) framework was prepared by the
combination of ice template assembly and high-temperature sintering. The intrinsic mechanism of
microscopic enhanced heat transfer after sintering was revealed by MD. Figure 23a shows a schematic
diagram of the sintered BN/SiC junction, which indicates the presence of a certain number of Si-C, B-C,
and Si-N keys near the boundary that connect two separate BN plates. In Figure 23b, it indicates that
the energy injected into (removes from) the heat sink (heat source) changed over time. The slope of the
curve indicates heat flux Q. It is obvious that the heat flux of 50% sintering was lower than that of 100%
sintering. Figure 23c expresses the temperature distribution in the x direction. It can be seen from the
figure that 100% sintering and 50% sintering had similar temperature distributions. According to the
inference of Equation (13), the equation of the interfacial thermal resistance is as follows:

R = A∆T/ Q (17)

Thus, R100% = 1.29 × 10−9 (m2
·K)/W (SiC 100% sintering) and R50% = 2.77 × 10−9 (m2

·K)/W
(SiC 50% sintering). Obviously, the thermal resistance of 50% sintering is higher than that of 100%
sintering. Through the analysis of MD simulation results, the composites prepared by 100% sintering
had a lower interfacial thermal resistance and improved λ.
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Figure 23. Molecular dynamics (MD) simulations of the interfacial thermal resistance at BN-SiC
junction. (a) Schematic of sintered h-BN/SiC junction. (b) Energy injecting into the heat sink varies
with time. (c) Temperature distribution along the x direction (reproduced with permission from [191]).

Similarly, the Ji et al. [165] team chose to run the MD simulation to verify their results that Ag
can increase the λ of the MXene/Ag-epoxy composites. The MD simulation was carried out using
the large-scale atomic/molecular parallel simulation package [192]. Figure 24a is the schematic of
the simulation model of MXene/Ag-epoxy nanocomposites films. In Figure 24a, the fixed Ttop and
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Tbottom, placed on the upper and lower surfaces, could obtain the effective thermal conductivity by
calculating the heat flux from the lower surface to the upper surface. The effect of the influence of Ag
particles on thermal interfacial resistance is illustrated by comparing the two examples. In Figure 24d,
it shows three MXene layers, whereas in Figure 24e, each MXene layer is connected by Ag. It expresses
the energy that injects into (removes from) the heat sink (heat source) changing over time (as shown
in Figure 24f). The slope of the curve indicates heat flux Q where the Q of three MXene layers is
lower than that of the MXene layer connected by Ag. According to Equation (15), interfacial resistance
RMXene = 2.4 × 10−9 (m2

·K)/W and RMXene-Ag = 2.0 × 10−9 (m2
·K)/W. According to the simulation results,

the composites with the MXene layer connected by Ag had a lower interfacial thermal resistance,
which boosted the λ of the composites and enhanced the interfacial heat transport.
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Dai et al. [193] mechanically designed a structure named HLGP consisting of the vertical plate 
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graphene and vertical graphene were analyzed by a NEMD simulation system, simulating HLGP and 
cap-removed samples, respectively. There are four different cases of analysis and simulation: (a) 
Vertical graphene, and L-shaped (b) single-layer, (c) bilayer, and (d) tri-layer graphene, in Figure 25. 
Figure 25a,b show that the effective contact λ was improved by about 3 times (from 7.8 to 22.5 
MWm−2K−1). When the number of graphene layers in the horizontal direction increased, λ did not 
rise. The simulation results show that the effective contact λ was basically independent of the number 
of graphene layers. The results demonstrate that the horizontally oriented graphene layer on both 
sides of the HLGP was a key part to achieving low contact thermal resistance. 

In addition, Xu et al. [194] explored the thermal conductivity mechanism of SR from three 
aspects of chain length, morphology, and temperature using nonequilibrium molecular dynamics. 
SR is a kind of TIM widely used in electronic devices. Through simulation, it was concluded that the 
thermal conductivity increased obviously with the silicon–oxygen chain length in the crystalline state 
of chain arrangement, and the λ of crystalline SR with 79 nm length could reach 1.49 W/(m·K). 

Figure 24. (a) Schematic of simulation model. (b) Simulation model with MXene sheets and Ag NPs.
(c) Temperature distribution of simulation model with MXene/Ag. Schematic of multilayered (d) Mxene
and (e) MXene-Ag. (f) Energy injected into (removing from) the heat sink (source) varies with time
(reproduced with permission from [165]).

Dai et al. [193] mechanically designed a structure named HLGP consisting of the vertical plate in the
middle and the horizontal plate cap at the top and bottom. They reported that L-shaped graphene and
vertical graphene were analyzed by a NEMD simulation system, simulating HLGP and cap-removed
samples, respectively. There are four different cases of analysis and simulation: (a) Vertical graphene,
and L-shaped (b) single-layer, (c) bilayer, and (d) tri-layer graphene, in Figure 25. Figure 25a,b show
that the effective contact λ was improved by about 3 times (from 7.8 to 22.5 MWm−2K−1). When the
number of graphene layers in the horizontal direction increased, λ did not rise. The simulation
results show that the effective contact λ was basically independent of the number of graphene layers.
The results demonstrate that the horizontally oriented graphene layer on both sides of the HLGP was a
key part to achieving low contact thermal resistance.

In addition, Xu et al. [194] explored the thermal conductivity mechanism of SR from three aspects
of chain length, morphology, and temperature using nonequilibrium molecular dynamics. SR is a
kind of TIM widely used in electronic devices. Through simulation, it was concluded that the thermal
conductivity increased obviously with the silicon–oxygen chain length in the crystalline state of chain
arrangement, and the λ of crystalline SR with 79 nm length could reach 1.49 W/(m·K).
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management ability, such as heat dissipation and heat generation performance. Two cases of heat 
generation and heat dissipation of the fabricated films were studied. In case 1 (as shown in Figure 
26c), the upper chip in the model (as shown in Figure 26a,b) was set as a heat source and the bottom 
prepared films were used as TMMs to analyze heat dissipation performance. On the contrary, the 
bottom of the TMMs was used as a heat source to analyze the heat generation performance in case 2 
(as shown in Figure 26f). Obviously, the final equilibrium temperature of the chip using the 
anisotropic TMMs prepared was lower than that of other isotropic TMMs with different λ (as shown 
in Figure 26d). At the same time, the heat transfer rate of the prepared anisotropic TMMs was higher 
than that of other isotropic TMMs (as shown in Figure 26e). The simulation results in Figure 26g 
shows that when the anisotropic films prepared were used as TMMs, the average temperature of the 
chip increased rapidly, compared with other isotropic TMMs. Through these two simulation cases, it 
can be proved that the TMMs prepared had good thermal management ability and can better-control 
the temperature of electronic equipment. 
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6.2. Finite Element Modeling (FEM)

The basic ideas of FEM can be traced back to 1909 (Ritz Method [195]) and 1915 (Galiagin Method [196]).
The term “finite element” was first used by Clough [196] and developed by Zienkiewicz et al. [197]
in the field of numerical methods and civil engineering. Since 1943, the finite element method has
been developing continuously in engineering science [198]. This method discretizes large domains
into small units and then computes the physical behavior of each unit. In the early stage of finite
element, scientists mainly studied the physical behaviors including displacement and stress, which
were connected with structural applications. Nevertheless, with the development and growth of
advanced computer technology, the FEM has spread to many other fields, such as aerospace engineering
design, microelectronic applications, and composites. FEM studying the thermal conductivity of
composites is based on the ANSYS finite element program to calculate the λ of composites, and the
correlation analysis is carried out with the experimental results.

Yang et al. [199] used a finite volume simulation based on ANSYS Fluent to prove that the natural
rubber (NR)/reduced graphene oxide (rGO) films prepared had favorable thermal management ability,
such as heat dissipation and heat generation performance. Two cases of heat generation and heat
dissipation of the fabricated films were studied. In case 1 (as shown in Figure 26c), the upper chip in
the model (as shown in Figure 26a,b) was set as a heat source and the bottom prepared films were
used as TMMs to analyze heat dissipation performance. On the contrary, the bottom of the TMMs was
used as a heat source to analyze the heat generation performance in case 2 (as shown in Figure 26f).
Obviously, the final equilibrium temperature of the chip using the anisotropic TMMs prepared was
lower than that of other isotropic TMMs with different λ (as shown in Figure 26d). At the same time,
the heat transfer rate of the prepared anisotropic TMMs was higher than that of other isotropic TMMs
(as shown in Figure 26e). The simulation results in Figure 26g shows that when the anisotropic films
prepared were used as TMMs, the average temperature of the chip increased rapidly, compared with
other isotropic TMMs. Through these two simulation cases, it can be proved that the TMMs prepared
had good thermal management ability and can better-control the temperature of electronic equipment.
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An epoxy composite with high λ has been prepared by Feng et al. [94]. The composites use 2D 
boron nitride nanosheets (BNNSs) and 0D boron nitride microspheres (BNMSs) to construct a 3D 
thermal conductivity network (as shown in Figure 27a). The internal temperature distributions of 
BNMSs/epoxy composites and BNNSs/BNMSs/epoxy composites were further simulated by ANSYS 
finite element analysis. It was proved that BNNS/BNMS played an important role in improving the 
thermal conductivity of BNNS/BNMS/epoxy composites. In Figure 27c–e, a model of BNMSs with a 
40% filler randomly distributed in the epoxy resin matrix was established. Another model for 
selecting epoxy resin for matrix and BNNSs/BNMs for filler was established and compared with the 
former, as shown in Figure 27f–h. According to the simulation results, as shown in Figure 27b, the 
maximum surface temperature of composites BNNSs/BNMSs/epoxy was higher than that of 
BNMSs/epoxy when the curve reached equilibrium. These simulation results demonstrate that 
BNNSs and BNMSs can indeed improve the thermal conductivity of BNNS/BNMS/epoxy 
composites. 

Figure 26. (a) The geometry and (b) the mesh used in the simulation. (c,f) Modeling and calculation of
the temperature in case 1 and case 2, respectively. (d) Average temperature change of the chip with time
and (e) the heat transfer rate through the thermal management material (TMM) surface with time when
the chip is the heat source. (g,h) The change in the average temperature of the chip with time when the
TMM is the heat source and different heat sources of TMMs (reproduced with permission from [199].

An epoxy composite with high λ has been prepared by Feng et al. [94]. The composites use 2D
boron nitride nanosheets (BNNSs) and 0D boron nitride microspheres (BNMSs) to construct a 3D
thermal conductivity network (as shown in Figure 27a). The internal temperature distributions of
BNMSs/epoxy composites and BNNSs/BNMSs/epoxy composites were further simulated by ANSYS
finite element analysis. It was proved that BNNS/BNMS played an important role in improving the
thermal conductivity of BNNS/BNMS/epoxy composites. In Figure 27c–e, a model of BNMSs with a
40% filler randomly distributed in the epoxy resin matrix was established. Another model for selecting
epoxy resin for matrix and BNNSs/BNMs for filler was established and compared with the former,
as shown in Figure 27f–h. According to the simulation results, as shown in Figure 27b, the maximum
surface temperature of composites BNNSs/BNMSs/epoxy was higher than that of BNMSs/epoxy when
the curve reached equilibrium. These simulation results demonstrate that BNNSs and BNMSs can
indeed improve the thermal conductivity of BNNS/BNMS/epoxy composites.
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Chen’s team [200] selected BNNS as the filler and the polyvinyl alcohol (PVA) as the matrix to 
fabricate nanocomposites. They used the ANSYS finite element simulation method to analyze the 
temperature and heat flux distribution of nanocomposites in the heating process, proving that 
PVA/BNNS nanocomposites have thermal management ability. Figure 28b expresses boundary 
conditions of the finite element simulation. PVA/BNNS nanocomposites after three different 
treatments were selected for simulation analysis. As shown in Figure 28a, the interfacial thermal 
resistance of PVA/BNNS nanocomposites with the overlapping BNNS network was lower than that 
of the other two conditions. The distribution results of temperature and heat flux in the heating 
process of the nanocomposites after three different treatments are shown in Figure 28c,d. It is obvious 
that the maximum surface temperature and heat flux of PVA/BNNS nanocomposites with the 
overlapping BNNS network were better than the other two conditions. The distribution of 
temperature and heat flux of nanocomposites during heating was analyzed by finite element 
simulation, which testified the superiority of PVA/BNNS nanocomposites with the overlapping 
BNNS network. 

Figure 27. (a) Thermal-conduction pathways in the composites. (b) The simulation result of surface
temperature–time profile of epoxy filled with BNMSs and BNNSs/BNMSs. (c,d) BNMSs/epoxy and
(f,g) BNNSs/BNMSs/epoxy composites simulation model and temperatures profile for the longitudinal
sections, respectively. (e) The BNMSs/epoxy and (h) BNNSs/BNMSs/epoxy composites temperatures at
the same cross-sectional position (reproduced with permission from [94]).

Chen’s team [200] selected BNNS as the filler and the polyvinyl alcohol (PVA) as the matrix
to fabricate nanocomposites. They used the ANSYS finite element simulation method to analyze
the temperature and heat flux distribution of nanocomposites in the heating process, proving that
PVA/BNNS nanocomposites have thermal management ability. Figure 28b expresses boundary
conditions of the finite element simulation. PVA/BNNS nanocomposites after three different treatments
were selected for simulation analysis. As shown in Figure 28a, the interfacial thermal resistance of
PVA/BNNS nanocomposites with the overlapping BNNS network was lower than that of the other
two conditions. The distribution results of temperature and heat flux in the heating process of the
nanocomposites after three different treatments are shown in Figure 28c,d. It is obvious that the
maximum surface temperature and heat flux of PVA/BNNS nanocomposites with the overlapping
BNNS network were better than the other two conditions. The distribution of temperature and heat
flux of nanocomposites during heating was analyzed by finite element simulation, which testified the
superiority of PVA/BNNS nanocomposites with the overlapping BNNS network.
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Dai’s group [201] prepared graphene hybrid paper (GHP) with λ, which had efficient heat 
dissipation ability and could act as TIMs, which was further demonstrated by simulation. Figure 29a 
indicates the ANSYS Icepak system model of TIMs. The prepared GHP was simulated and compared 
with a commercial thermal pad (5000S35) to obtain different temperature distribution diagrams, as 
shown in Figure 29b,c. Obviously, when GHP was the TIMs, the final surface temperature of the 
heater was lower than that of the 5000S35 thermal pad as the TIMs. This was consistent with the 
experimental verification results, as shown in Figure 29e,f. The simulation results show that GHP can 
be used as TIMs to meet the heat dissipation requirements of electronic equipment. 

Figure 28. (a) Calculated interfacial thermal resistance (R) of three different nanocomposites. (b) Boundary
conditions of the FE simulation. (c) Simulated temperature and heat flux distribution of nanocomposites
based on a heat source. (d) Simulated heat flux distribution and thermal conductivity of nanocomposites
based on a heat source (reproduced with permission from [200]).

Dai’s group [201] prepared graphene hybrid paper (GHP) with λ, which had efficient heat
dissipation ability and could act as TIMs, which was further demonstrated by simulation. Figure 29a
indicates the ANSYS Icepak system model of TIMs. The prepared GHP was simulated and compared
with a commercial thermal pad (5000S35) to obtain different temperature distribution diagrams,
as shown in Figure 29b,c. Obviously, when GHP was the TIMs, the final surface temperature of the
heater was lower than that of the 5000S35 thermal pad as the TIMs. This was consistent with the
experimental verification results, as shown in Figure 29e,f. The simulation results show that GHP can
be used as TIMs to meet the heat dissipation requirements of electronic equipment.
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Similarly, the thermal analysis of the prepared HLGP was performed by Ji’s group [193] using 
ANSYS Icepak. The commercial thermal pad (XR-m) was selected for simulation comparison with 
the prepared HLGP, and the simulation results are shown in Figure 30b. Combined with high λ and 
low thermal contact resistance (as shown in Figure 30a), the simulated temperature distribution in 
Figure 30b confirmed the excellent heat transfer performance of HLGP, which can be used as TIMs 
to satisfy the heat dissipation requirements of electronic equipment. 

 
Figure 30. (a) Calculated total thermal resistance Rtotal. (b) Comparison of heat dissipation capability 
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In recent years, miniaturization and integration have become the development trend of 
electronic devices. With the increase in the power of electronic equipment, the heat produced has also 

Figure 29. (a) Icepak system model of the graphene hybrid paper (GHP). (b) Temperature distribution
of the simulated system with Bergquist 5000S35 or the GHP as thermal interface materials (TIMs).
(c) The heat dissipation based on simulated profiles. (d) Schematic configuration of GHP performance
evaluation system. (e,f) Temperature evolution of ceramic heater as a function of heating time at the
heater power of 30 W and various applied powers after heating for 200 s (reproduced with permission
from [201]).

Similarly, the thermal analysis of the prepared HLGP was performed by Ji’s group [193] using
ANSYS Icepak. The commercial thermal pad (XR-m) was selected for simulation comparison with
the prepared HLGP, and the simulation results are shown in Figure 30b. Combined with high λ and
low thermal contact resistance (as shown in Figure 30a), the simulated temperature distribution in
Figure 30b confirmed the excellent heat transfer performance of HLGP, which can be used as TIMs to
satisfy the heat dissipation requirements of electronic equipment.
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7. Applications as Thermal Management Materials

In recent years, miniaturization and integration have become the development trend of electronic
devices. With the increase in the power of electronic equipment, the heat produced has also increased
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sharply. Therefore, effective thermal management plays a vital role in the development, performance,
and reliability of various electronic devices [202–205]. Common TMMs including TIMs, heat sink,
phase-change materials (PCMs), and so on, can transfer, emit, or store excess heat from electronic
devices at high temperatures to prevent the overheating of electronic devices [206–210]. However,
with the rapid development of electronic equipment in military, aerospace, computer, and other
industries, it is urgent to evolve flexible and multifunctional TMMs with the preeminent temperature
control ability of electronic equipment [209–211].

With the rise of the fifth-generation mobile network and the increase in power density in the field
of electronics, the requirement of heat dissipation has become increasingly high, so the study of the
TIMs has become particularly significant [212–214]. Nowadays, thermally conductive composites are
increasingly more widely used in the TIMs. The metal–oxide–semiconductor field-effect transistor
(MOSFET) is the main heating element in the switching power supply. Chen et al. [215] used the
prepared oriented BNNSs nanocomposites film as TIMs. The TIMs were between the MOSFET and the
heat sink, and the heat generated by MOSFET could then be better-transferred to the heat sink with the
help of the TIMs (as shown in Figure 31a). The prepared oriented BNNSs nanocomposites film had
excellent thermal management capability. After using the film for a period of time, its equilibrium
temperature was only about 65 ◦C. Compared with commercial silicon pad, randomly dispersed
BNNS nanocomposites film, and pure PVDF film, the equilibrium temperature was reduced by 5 ◦C,
5.5 ◦C, and 11 ◦C respectively (as shown in Figure 31b). In the same way, Li’s group [216] also used
the composites as TIMs. The CPU overheating problem leads to the problem of computer speed.
Therefore, the TIMs were placed between the CPU and the heat sink to remove the excess heat of the
CPU and fulfilled the requirements of the equipment (as shown in Figure 31c). As shown in Figure 31d,
the prepared composites were used as the BNNS/CNT11% grease. Under the condition of 100% CPU
operation, the temperature rose from 34 ◦C to 41 ◦C after 5 h of operation with a difference of 7 ◦C.
At the same time, commercial thermal conductivity greases have also been tested under the same
operating conditions, with a difference of 10 ◦C. As a result, the prepared composites can be better-used
as the TIMs to realize the heat dissipation of electronic equipment.
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Figure 31. (a) Schematic diagram of a metal–oxide–semiconductor field-effect transistor (MOSFET)
integrated with TIMs. (b) The surface temperature variations of MOSFETs versus time (reproduced
with permission from [215]). (c) Illustrating heat dissipation measured along the grease filled with
BNNS/CNT11%. (d) The comparison for heat dissipation effect between the nanocomposites film and
commercial TC grease (reproduced with permission from [216]).
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Yao’s team [191] put the composites on the CPU and GPU of the IBM T43 ThinkPad (as shown
in Figure 32a), replacing two commercial thermal pads, and recorded the temperature changes
of the laptop during work. Figure 32b shows the temperature change curve when playing the
same video on a laptop using three hot pads. When using the computer for some time, the CPU
encapsulation temperature with the BN-SiC/PDMS pad as TIM was 10 ◦C lower than that of the original
thermal pad, and 4 ◦C lower than that of the 3015 silicone pad. Similarly, Ji et al. [165] applied the
MXene/Ag-epoxy nanocomposites to the CPU of a smartphone to fit the heat dissipation requirements
of the device (as shown in Figure 32c). As shown in Figure 32d, compared with pure epoxy resin,
the MXene/Ag-epoxy nanocomposites as the TIMs had a faster heat dissipation rate. After 25 s of CPU
operation, the surface temperature of the MXene/Ag-epoxy nanocomposites reached 80 ◦C, while the
pure epoxy was only 40 ◦C. The higher the surface temperature of the composites, the more heat
was absorbed from the CPU. Therefore, the MXene/Ag−Epoxy nanocomposites had excellent thermal
management ability.
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Figure 32. (a) Diagrams of CPU-GPU integrative fan, thermal pads above CPU and GPU, respectively.
(b) The measured CPU encapsulation temperature with different materials (reproduced with permission
from [206]). (c) Two films were used as TIMs, respectively. (d) Variation in temperature as a function
of time (reproduced with permission from [165]). (e) Two materials were used as TIMs. (f) CPU core
temperature evolution as a function of running time and IR images of the 5000S35 and GHP used as
TIMs (reproduced with permission from [201]).

Similarly, Dai’s group [202] used the GHP prepared as TIMs on the computer CPU to cool the
CPU. Meanwhile, a comparison with commercial TIMs (5000S35 thermal pad) proves the excellent
heat dissipation capacity of composites, as shown in the Figure 32e. As shown in Figure 32f, when the
CPU was applied with GHP as the TIMs after running for 780 s, the temperature of the CPU was
6.3 ◦C lower than those of the commercial TIMs. The infrared contrast image of the motherboard was
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obtained when the 5000S35 thermal pad and GHP were used as TIMs. It is obvious that the CPU
surface temperature was lower when the GHP was used as the TIMs.

This section briefly introduces the applications of TIMs, which are used on the CPU of a smartphone
or laptop to transfer heat to the fan. In the future, more thermally conductive composites will be used
as the TIMs to accord the heat dissipation requirements of electronic equipment.

8. Conclusions and Prospects

In polymer composites, it is a challenging problem to obtain outstanding λ with superior
comprehensive properties. By adding thermally conductive filler to a polymer matrix, an excellent
thermally conductive pathway can be obtained and the diffusion rate of phonons in the thermal
conduction pathway is raised. The thermal management ability of TCPCs is enhanced so that it
can be better-used in electronic equipment. Due to the revolutionary advances in nanomaterials
and material processing technology, the rapid development of various new thermally conductive
fillers has provided many possibilities for the preparation of high-performance polymer composites.
In this review, we discuss the thermal conduction mechanism of polymer composites, the factors that
influence the λ of polymer composites, and various methods to improve the heat conduction capability
of polymer composites. Some theoretical models of thermal conduction systems, different simulation
methods for analyzing the heat conduction process, and the application of TMMs are introduced.
On this basis, the following main conclusions can be drawn:

1. Phonon transport is the main mechanism of polymer heat conduction. Disordered polymer
chains and weak intermolecular interactions can lead to strong phonon scattering and hinder
phonon transfer, which is the reason for poor polymer thermal conductivity. Carbon-based
fillers, graphite-based fillers, inorganic filler metal fillers, and mixed fillers have high thermal
conductivity. It is the most important method to improve the λ of polymer composites to construct
the transport path of phonons in the polymer matrix by filling thermal-conductivity fillers.

2. There are many factors that affect the λ of composites, such as the filler types, the size and shape
of the filler, the dispersion and distribution of the filler in the matrix, and the content of the filler.
Through a variety of physical methods, chemical methods can construct thermal networks to
improve the λ of composites in the polymer matrix.

3. According to the different shapes and types of fillers, the theoretical models that can be consistent
with the experimental results are proposed. These theoretical models are also slowly maturing.
On the basis of these models, composites can be better-analyzed and applied. However,
with increasingly more methods to prepare TCPCs and an increasing number of complex types
of fillers and substrates, it is necessary to put forward some new and more suitable theoretical
models in the future. In addition to the theoretical model, it is essential to establish some various
methods to simulate the λ of composites when studying the thermal conduction mechanism
and thermal conductivity. Among them, the molecular dynamics model and ANSYS finite
element analysis are two commonly used methods. The simulation results are combined with the
experimental results to better-analyze the λ and thermal performance of polymer composites.

4. With the advent of the 5G era, and the miniaturization, high power, and high integration of
electronic devices, the heat accumulated in the circuit greatly affects their performance and life, so it
is very necessary to apply TCPCs to TIMs. The TIMs are used in the CPU of some smartphones
or computers to meet the heat dissipation requirements of electronic devices. In the future
development of electronic devices, the research of TIMs will be the focus of people’s attention.

According to the research status and development trend of TCPCs, we also need to do the
following research:
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1. The thermal conduction mechanism of TCPCs is not yet complete. In order to more accurately
analyze the reason why thermally conductive fillers form a thermally conductive network in
the polymer matrix to increase the λ of composites, more accurate theoretical models need to
be established.

2. The influence of interfacial thermal resistance on the λ of composites is deeply studied. The energy
transfer and energy dissipation processes in the thermal conductivity of polymer composites are
also simulated by combining mathematics, computer, and other related software. The relevant
mathematical models are established.

3. The thermal conductivity of intrinsic thermally conductive polymer composites needs further
research, such as the study of the effect of molecular chain orientation on thermal conductivity in
intrinsic thermally conductive polymer composites.

4. Based on the existing shortcomings in the preparation of TCPCs, more novel, effective,
and advanced methods need to be proposed to improve the λ of polymer composites.

5. TCPCs currently prepared in the laboratory have superior λ and are even much better than
commercial thermal materials. However, considering cost and process constraints, it is tough to
achieve industrial production. Accordingly, we must pay attention to the basic research of TCPCs
in industrial applications, and promote the upgrading of industrial products.

It is believed that after overcoming these difficulties, TCPCs will play an irreplaceable role in the
fields of military industry, aerospace, artificial intelligence, and microelectronics.
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