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Due to their ultra-high thermal conductivity, carbon nanotubes (CNTs) have become a hot spot for thermal
enhancement materials. However, many researchers have found that the CNT assemblies had a reduced thermal
conductivity by 2-3 orders of magnitude even though that of an individual CNT was 3700 W m~! K~'. From
a nanoscale perspective, interfacial phonon scattering is widely accepted as the culprit for above-mentioned
enormous reduction of thermal transport. This paper reviews the thermal transport mechanisms and their
enhancement approaches using the modification of micro- and nano-scale guest materials. Various aspects like
the individual-level to batch-level modulations of CNTs, the phonon transport law, the thermal enhancement
effect and the different interface optimization mechanisms are summarized. The bonding force is the best way
to improve the interfacial thermal transport, and the excellent spatial arrangement design of CNTs can greatly
enhance the directional thermal transport. In addition, a multi-material structural synergy to break through

the limitation of weak phonon transport under the van der Waals force is also discussed.

1. Introduction

The rapid development of micro- and nano-scale electronics has
brought about a dramatic increase in high-power density and high-heat
flux generation. At present, the heat flux density of advanced equip-
ment (e.g. communications satellites, directed-energy weapons, and
wide band gap semi-conductors) has reached hundreds of watts or even
kilowatts in the core zone with square millimeter (e.g. The maximum
core of the 12th generation Core is 7.67 m?). There is an urgent need
to design an effective thermal management strategy between the heat
source region and cooling environment, to facilitate the quick transfer
of the generated heat flux. Thermal interface materials (TIMs) can fulfill
the commitment of dissipating the heat generated by heat source [1,2].
As a highly conductive material [3-8], carbon nanotubes (CNTs) can
be assembled into thermally functional materials [9-11]. For example,
CNTs are dense and can be oriented to assemble two-dimensional (2D)
CNT films under temperature, catalyst, etc. [7], and 1D CNT fibers
possess excellent axial heat transport ability [12]. However, simply
assembled composites undermine the thermal superiority of the raw
material without considering the effect of heat transfer across materials,
and they further cannot meet the needs of thermal management in
practical applications. The main reason for the huge decrease of the
effective thermal conductivity (TC) of CNTs attributes to the phonon
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scattering at defects and interfaces. Influence of different controlling
factors can lead to differences in the TC of the assembled materials,
such as the enhancement effect of the quality, density and orientation
uniformity of the CNTs in the array. It is required to summarize
these relevant factors to identify the keys in thermally efficient and
conductive materials.

This review has sorted out and summarized the researches around
the thermal enhancement of CNTs assembles and composites and strate-
gies on phonon transmission, CNTs modulation, and synergistic en-
hancement. The design ideas of different functionalized carbon nan-
otube assemblies are analyzed in terms of thermal mechanism, and the
valuable references are summarized.

2. Phonon transmission and scattering theories across interface

In the past dozen years, most thermal characterizations (e.g.
guarded hot plate [13], transient hot wire [14-18], T-type probe
method [19-22], 3w method [23-27] and laser flash technique [28-32]
are based on Fourier-based thermal diffusion models which are suitable
for macroscopic and mesoscopic heat transport analysis). (Fig. 1). The
impact of phonon transmission and scattering in CNT assembly materi-
als is only manifested by alteration of local thermal channel or global
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Fig. 1. Schematic diagram of thermophysical measuring methods, including (a) Guarded hot plate method, (b) Hot wire method, (c¢) T-type probe method, (d) 3w method and (e)

Laser flash method.
Source: Reprinted with permission from Ref. [33].
© 2018 John Wiley & Sons, Ltd.

thermophysical parameters such as TC (x) and thermal diffusivity (TD,
a) under these characterizations. It can be seen in Fig. 2 that the
difference of TC across the interface of materials can be ascribed to
phonon scattering under the influence of a harmonic forces. As the key
factor, Umklapp process affects the reciprocal lattice vector, resulting in
the phonon momentum change and high interfacial thermal resistance
(ITR, R).

In addition to scattering from collisions between phonons, phonon
scattering also occurs at defects or crystal boundaries. The quantitative
parameter of the resistance to heat transfer can be defined as ITR, or
its reverse, interfacial thermal conductance (ITC, G; = 1/Rc). Besides
the theory of the effect of phonon transfer direction, this interfacial
barrier is affected by a variety of factors, including: (i) the intrinsic
properties of contacting materials, such as acoustic impedance and
phonon density of states [34]; (ii) geometric defects on the interface
(real versus apparent contact area) and (iii) the types of interfacial
interaction (e.g. covalent bonding and van der Waals forces) [35]. In
interfacial nanostructure, phonons are subject to additional constraints
imposed by boundaries and interfaces, which causes the ITR and re-
duces the overall TC of the material in turn, as shown in Fig. 2 [36].
These structural barriers can be exhibited in molecular dynamics (MD),
which analyzes the changes of interatomic and external forces on the
spatial coordinates of particles based on the mechanical and displace-
ment changes of atoms in the system. Thermophysical properties are
calculated by utilizing statistical physics when system turns back to
equilibrium. Based on the choice of the system’s potential function,
more complex polyatomic relationships can be further explored. For
example, Lennard-Jones potentials for nonbonded interactions were
presented for changing face-centered cubes [37-39], gas atoms [40,41]
and non-bonded/bonded interaction [42,43].

Complex CNT structure is constrained by multiple interfacial inter-
actions such as van der Waals forces, and the motion and frequency
domain characteristics of phonons are also limited by those interac-
tions. It is generally believed that the ITC is mainly affected by the

237

phonon transmission probability at the interface, the phonon wave
vector and mode and the group velocity [44]:

_ 1 1. . 2 .
G= —2(2”)3 IZ./lckBT oy p(k, i) X (hao(k, i) |V (k,i) - n|

exp(hw(k,i)/kgT)
lexp(hoo(k, i)/kpT) — 112

where G denotes ITC, k is Boltzmann constant, k is the phonon wave
vector, n is the unit vector in the direction of the interface longitudinal
direction, «,_,, is the averaged transmission coefficient of materials a
to b, i is the phonon model, 7 is the reduced Planck’s constant, w(k, i)
and V(k, i) is the phonon frequency and group velocity corresponding
to k and i, respectively.

G can be improved by increasing phonon modes i, phonon group
velocity V(k,i) and phonon transmission coefficient a,_,. Usage of
a force stronger than van der Waals force or exciting low-frequency
phonons, are both effective ways to improve V (k,i). The short func-
tional groups (—-CH,-, —C;H4—, etc.) modified between adjacent CNTs
can result in 8-fold improvement in G, which is sourced from the
additional covalent bond to complement the limited binding effect
from van der Waals forces [45]. The “surface relaxation effect” is
proposed which suggests that the great excitation of the low-frequency
phonon mode of occurs when the metal reaches the nanoscale. This
is when the metal nanoparticles have abundant low-frequency phonon
modes [46], and this can improve the interfacial thermal transport
process. Similarly, the “electro-phonon coupling effect” of metals can
redistribute the energy of phonons, which is beneficial to improving
the interface phonon transmittance [47]. Based on phonon vibrational
density of states (VDOS) analysis, the reduction of axial strain energy
of CNTs can promote the blue shift of low-frequency phonon, thereby
reducing the phonon scattering at the cross-tube interface (junction)
improving ITC [48].

Besides the transmission limits (Eq. (1)), the acoustic mismatch
model (AMM) and diffuse mismatch model (DMM) are also effective
ways to evaluate the averaged transmission coefficient and ITC. AMM is
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Fig. 2. Schematic diagram of various thermal processes, including the unidirectional phonon diffusion model under temperature difference AT and distance x, and the interfacial

phonon scattering and generation of interfacial thermal resistance (ITR) R.

based on acoustic transmission and reflection between two linear elastic
solids, it is most appropriate for calculating the experimental measure-
ments below room temperature (RT) because this approach ignores the
lattice [49,50]. The phonon spectrum is dominated by long-wavelength
phonons, and the complicated transmissive or reflective mode (two
longitudinal, four transverse) conversions are typically ignored, it can
be shown as below:

ppV (k.b) cos O(k.b)

paV (k,a) cosO(k,a)
ppV (k.b) cos 0(k,b) )2
paV(k.a) cos f(k,a)

@

Agsp =

where p is density and 0 is the direction and related to the acoustic
analog of Snell’s law, sinf(a)/y (a) = sin0(b)/y (p).

DMM is based on the assumption that interfacial phonons are scat-
tered randomly with the loss of orientation, polarization (k) and mate-
rial properties [51-53]. The only constant is their angular frequency
®, which makes the density of states in material a proportional to
the probability of phonon. This postulate implies that the chances for
phonon incident from material a to transmit to material b are the same
as those from material b to be reflected at the interface, that is,

=1- 3

aaab,w abaa,a)

The above equation is specified purely by the bulk dispersion relations
two surrounding materials. Thus, the averaged transmission coefficient
can be calculated in Debye solids at T < min(6(D, a), (D, b)) by using,

Y V72(k, b)
S V2k,a)+ Y, V2(k, b)

Given that most phonons have short wavelengths comparable to
atomic spacing and surface roughness at above 26.85 °C, DMM is
thought more appropriate than the AMM at noncryogenic temperatures
and for rough interfaces.

With the advancement of artificial intelligence technology, machine
learning (ML) based stochastic methods have been applied to the
study of CNT composites in recent years. ML collects sample data sets
from experimental measurements and theoretical calculations, and the
sample sets had finished the Cross-validate with Root mean square error
as the judgment condition. ML for investigating the thermal transport
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of CNT composites includes Artificial neural networks, Decision trees,
Random forest, Support vector machine and k-nearest neighbors [54-
56]. However, due to the fact that the key interfacial parameters
(e.g., interfacial contact area, tube spacing) are still unknown and their
relations are unclear, most studies focus on the prediction of macro-
scopic TC of composites, especially those with CNT as the nanofiller
for thermal enhancement [57-60]. The combination of MD and ML
is helpful for investigating the thermal conductivity and interfacial
thermal conductance at the micro-nano scale, and various interatomic
force field involved in MD can provide better screening function for ML
application. The MD-ML method has been realized in interatomic force
field for the purpose of thermal conductivity prediction [61,62]. In the
future, this method can provide a reliable and effective way to explore
the interfacial thermal transport for various microscale materials.

3. Individual- and batch-level thermal modulation of carbon nan-
otubes

For CNT assembly materials, there are many factors influencing
the heat transport of the assembly due to the geometric defects and
the weak interatomic forces at the interface. Growth control of CNTs
is an effective pathway to reduce structural defects, and interface
modulation between tubes can enhance phonon modes across-tubes,
which finally enhances the thermal transport of CNT assembly.

3.1. Structural effect on thermal transport for an individual carbon nan-
otube

Hexagonal arrangement between carbon atoms and coaxial circular
tube structure with more than a single layer brings about oriented ther-
mal transport within CNTs, the ultra-high thermal conductance comes
from the positive relation of lattice vibration and internal phonon mean
free path (Fig. 2). The MD simulation found that the decrease in TC of
CNTs is caused by the shortened free path, and the Umklapp scattering
phenomenon played a pivotal role during these changes [3]. According
measurement results of thermoelectric method or T-type method [4-
6,21], Umklapp scatting process increases with the increasing tem-
perature until 46.85-76.85 °C. However, with subsequent increase in
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Source: Reprinted with permission from Ref. [63] (Copyright (2017) Elsevier).

temperature, the process is inhibited, which will exponentially affect
the CNT assemblies.

The nanostructure has an important influence on the TC of CNT and
its composites. The number of tube walls is also one of the key factors
that affects the change of diameter. The interactions of phonons and
electrons between walls have great effect on the total TC of multi-walls
carbon nanotubes (MWCNTSs) [21], The wall perimeter is negatively
correlated with TC for single-walled carbon nanotubes (SWCNTs). For
a CNT with 1 nm diameter, the ITC is very close to the maximum
possible value of the ballistic thermal conductance [4]. In a marked
contrast, the interfacial contacts is not good for phonon propagation
for CNTs with 2 or 3 nm diameters, smaller thermal conductance is
observed due to the Umklapp process at high temperatures. For larger-
scale CNT assemblies, although the diameter is correlated with the TC,
the inter-tube interface occupies a larger proportion of the thermal
impedance. TC of the pristine fibers decreased with increasing diameter
from 30 + 8 Wm~!' K~! (37 pm diameter) to 15 +2 Wm~' K~! (60 pm
diameter) [64]. Similar tendency has been observed in SWCNT fibers
where TC increases from 5 Wm~!K~! to 19 Wm~! K~! as with 50%
reduction in diameter. However, as the diameter is further reduced, the
TC decreases to 17 Wm™! K~!, owing to the thermal contact resistance
between bundles [8].

Similar to electrical conductivity, TC has a positive correlation effect
with nanotube length (L). Generally, the TC of a CNT increases with
the length as the interface count reduces. Specifically, it is found that
the TC is an exponential function of length for the CNTs, that is,
x = L?, where f is related to the structure of CNT [65]. For example,
f = 0.4 is found in (5,5) armchair SWCNT at room temperature based
on MD simulation [66] and § = 0.6 — 0.8 are found in MWCNTSs
according to experimental measurements [67]. The length dependence
of apparent TC (x,,) and apparent TD («,;) are quadratic functions for
CNTs fibers [68,69], which can be expressed by «,, = Ky + a,,L? and
¥y = Xy + by, L?, where i, and a;,, denote the intrinsic TC and TD,
respectively, a,, and b,, are constants related to radiative heat loss.
The CNTs-added polymer composites were also shown this effect [69].
Apart from fiber-type materials, the negatively correlated improvement
effect appears in CNTs arrays with the growth height at 10, 50, 80,
200 pm [70], the result is different from the conclusion in previous
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researches [71-73]. There has been no vibrant correlation between
array height and ITC as the effects from other parameters isolated were
difficult like diameter and density. According to the above studies,
the quality of CNTs is the premise to ensure good thermal conduction
in composites. However, the different phonon modes induced by the
complex structure and the interfacial effect between nanotubes make it
difficult to reveal the thermal properties of the assembled material.

3.2. Across-tube contact effect

In CNT fibers, arrays, networks, the nanotubes interact via van der
Waals forces and entangle locally. The weak interaction force and the
random assembly negatively alter the initial contact area and spacing
between the tubes, and the degree of phonon scattering is much greater
than the cause of the CNTs’ own defects.

Due to the existence of defects and impurities (usually catalysts for
CNTs growth) and the low density of CNTs assembly, the inter-tube ITC
dominates the heat conduction in CNTs composites [74,75]. Atomistic
Green’s function [76,77] was used to calculate inter-tube ITR, which
was much larger than the theoretical predication and greatly hindered
the thermal transport in MWCNT bundles [74]. This section reviews the
effect of contact area, interaction strength and the effects of the spatial
arrangement on thermal transport of CNT assemblies.

3.3. Contact area across nanotubes

The contact area between adjacent nanotubes is a crucial parameter
which embodies the range of inter-tube van der Waals forces and
bonding. It is difficult to obtain the heat transfer across nanotubes
directly from experimental data, MD simulation can provide a more
intuitive expression of the impact of the contact area. Subsequently,
the effect of contact area on crossing CNT-CNT structures and parallel
CNT-CNT structures (crossing angle is 0°) have also been analyzed.

The overlapping length of parallel CNT-CNTs (axial contact length)
is the main factor that affects the variation of the contact area [80-
84]. The total ITC between tubes (G) shows a linear dependence on
the overlap length (Fig. 3(a)), which attributes the improving total
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Transmission electron microscope image for covalent bonded junction at CNT ends.

Source: Reprinted with permission from Ref. [45] (Copyright (2010) American Chemical Society), Ref. [78] (Copyright (2014) Elsevier), Ref. [79] (Copyright (2016) Elsevier).

strength of the interatomic force with the contact area increases. To
cancel the effect of overlap length, the normalized interfacial thermal
conductance (G,, Wm~! K~!) is generally used for discussion. Some
studies corroborate that there is a slight downward trend for G, with
the increase of the overlap length [80-82], but another study [83]
shows that G, is independent of the overlap length. Therefore, it is
believed that the interatomic force density on the parallel CNT-CNT
contact area is not greatly affected by the increase of the overlap length.

When the intersection angle of adjacent contact CNTs changes from
0° to 90°, the area of its junction position changes correspondingly.
Fig. 3(b) presents the evolution of G as a function of crossing angle
in previous studies [85-88]. The relationship between the contact area
and the intersection angle is A = D?/sin(d), where A is the contact
area, D is the diameter and 6 is the crossing angle. When the angle
increases, the effective contact area of the junction decreases, resulting
in a significant drop in G. The experimental values of the crossed
(10,10), (6,6), (5,5) MWCNT-MWCNTs with diameters of 74 nm and
112 nm are ~10* pW K~! [89], which is much higher than the simula-
tion results [85-88]. The diameter and the force are main reasons for
the complexity in comparing the experimental measurement and the
simulation calculation well.

Attributed to the influence of diameter and wall number on in-
terfacial phonons at cross-contact of 90°, there is a “focusing effect”
of phonon transport in the radial direction of MWCNTs (Fig. 3(c)
and (d)) [63,90], which is similar to transport in the cross-sectional
direction of multilayer graphite [91]. The contact area at inter-tube
should not be affected by the curvature for CNTs with a smaller number
of walls which widens the area of phonon transmission. Although more
phonons are thermalized as the number of walls increases, the enhance-
ment in the tube strength leads to a decrease in the curvature. This
eventually results in non-monotonic behavior of thermal conductance
concerning the number of walls (Fig. 3(c)) [92].

3.3.1. Inter-tube interaction strength
In addition to expanding the range of inter-tube interactions, en-
hancing the strength of inter-tube interactions is also an effective

method to boost ITC. For the van der Waals forces forming the basis
of the CNT-CNT structure, the enhancement of its strength can further
enhance the ITC [84,87]. Fig. 4(a) shows the evaluation of G versus the
van der Waals strength. The parallel CNT-CNT structure ((10,10), Loyt
= 10 nm) has larger G than the vertical CNT-CNT ((10,10), Loyt =
10 nm), but the improvement of both these characteristics is not much
different under the same strength change (from 0.5 to 2) (parallel: 2.2
times boost, vertical: 2.5 times boost).

Due to the enhancement of the van der Waals strength between
the tubes, the separation spacing between them is shortened (Fig. 4
(b)) [87]. In other words, when the spacing is reduced, apart from the
enhancement of the interfacial interaction force, the interacting area
between the tubes is further increased, so the G is further enhanced
under the dual action [81,88]. As shown in Fig. 4(b), the increasing
spacing weakens the advantage of larger contact area of the parallel
CNT-CNT structure compared to the crossing CNT-CNT structure [81].

Although it is difficult to directly adjust the intensity of van der
Waals force in actual situation, it is possible to apply external force
across-tubes through certain post-processing methods. Fig. 4(c) shows
the variation of the cross-tube G under the action of radial and axial
external forces [84,85,87]. Similar to the trend in Fig. 4(b), the radial
pressure assistances to reduce the inter-tube spacing and increase the
contact area due to tube deformation, thereby boosting the ITC. How-
ever, the enhancement is different under different crossing angles. For
vertical CNT-CNT, the tube deformation has a certain limit, and the
enhancement becomes insignificant with the increase of pressure [85,
87]. For parallel CNT-CNT, severe tube deformation leads to the spatial
displacement of the tubes and positional contact with larger curvature,
which counteracts the increasing G [85].

When the parallel CNT-CNT is subjected to an external axial pulling
force, the thermal resistance value between the tubes will also change.
A study of the pull-down force effect on different overlap lengths is
presented in Fig. 4(c) [84]. The effect of this force is twofold: (1) The
increasing force reduces the inter-tube spacing and overlapping area
before the axial tension approaches the fracture limit. Combined with
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treatment at three temperatures, (j) Bismaleimide composite fibers based on electrocuring.
Source: Reprinted with permission from Ref. [93] (Copyright (2018) Elsevier), Ref. [94] (Copyright (2008) Elsevier), Ref. [95] (Copyright (2013) Nature), Ref. [96] (Copyright
(2007) Elsevier), Ref. [97] (Copyright (2006) American Institute of Physics), Ref. [98] (Copyright (2010) Elsevier), Ref. [99] (Copyright (2018) Elsevier), Ref. [100] (Copyright
(2012) Elsevier), Ref. [64] (Copyright (2016) Elsevier), Ref. [11] (Copyright (2019) Elsevier).

the study of Fig. 4 (b) [81], it can be understood that the change of
spacing is dominant among interface enhancing factors, which makes
the effect of pulling force positive. (2) When the axial tension is close
to the fracture limit, the interaction between the tubes is destroyed, the
phonon scattering is further relieved, and G drops under the force.

Even though improving the contact area and spacing contributes to
the enhancement of van der Waals forces at the interface, there is still a
limit to the strength of the van der Waals force itself. To break through
the limitation and achieve stronger interfacial interaction of CNT-CNT,
an effective strategy is to build atomic bonding.

The interfacial carbon atoms are connected by utilizing electron
beam/ion irradiation, mechanical manipulation with atomic force mi-
croscope, nanotube soldering, chemical functionalization, and heat
welding, in order to achieve covalent bonded junction formation [78,
101-105]. Using covalent bonds to connect carbon atoms between
tubes can achieve orders of magnitude improvement according to
theoretical simulations (Figs. 3(a) and 4(a)). It is difficult for organic
links bonding to completely replace the van der Waals interaction.
Moreover, a single bonding link is not enough to compensate for the
weak interaction effect of van der Waals force [45]. Increasing the
number of links at the interface is an effective means to improve
the ITC. Increasing the overlapping length can increase the number
of bonding links, and thus boost the ITC (Fig. 3(a)). In addition, the
covalent bonding formed by welding method (Fig. 4(e)) can remarkably
improve the ITC compared with the organic bonding links (Fig. 4(a)).
Nearly 43-fold improvement in ITC comes from more covalent bonds
between carbon atoms of two tubes [78,106,107]. Once ends of the
randomly arranged CNTs are welded (Fig. 4(f)), the TC of the assembly
can be boosted by 6-fold, which is close to the alignment [79].
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3.3.2. Complex coupling effect of spatial location

In the random networks, cross-tube contact under van der Waals
interaction brings about phonon interference [108,109]. Besides the
contact area, spacing and interaction strength, the spatial location of
the junctions also plays a key role in heat transport. According to the
MD simulation [110], the increasing inter-junction distance reduced
the number of scattering sites and thus improved TC in the random
networks. The ultralow density network structures with 20 nm inter-
junction distance [111] is 10-fold improvement in ITC compared with
that with ~2 nm inter-junction distance [108].

Besides junctions, the thermophysical properties of CNT networks
also strongly depends on the structure. The number of nanotube orien-
tations determines the overall heat flux of the structure [110], which
was similarly demonstrated in many researches [93,112,113]. The
three-dimensional (3D) network structure was based on the vertically
aligned CNT (VACNT) array, then the catalysts were used to gener-
ate secondary branches to increase the channels for heat dissipation
(Fig. 5(a)). Reducing the density of growing primary VACNT arrays, the
secondary branch increases the overall TC by approximately ~30 times.
But with further increase in density, TC instead decreases, which is in
line with the conclusion that phonon interference is enhanced [93,112].
The length of the CNTs in the network also affects the overall and in-
plane TC. According to the research results from Volkov et al. [114],
there is a secondary dependence of the fiber length on the electri-
cal/thermal properties in the 3D CNT networks. When the dimension
of the network drops to two magnitudes, the dependence turns out into
a quadratic rule.
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Table 1

Oriented thermal enhancement effect under growth control in CNT assembles.
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Research team Preparation TC Wm™ 'K TD (10~* m?/s) ITC (W m=2 K1)
Buckypaper
Yue et al. [115] Primary 1.19-2.92 \ \
Hong et al. [94] Acid treatment 2.43-3.44 \ \
Gonnet et al. [116] Magnetic alignment 42 \ \
Zhang et al. [95] Post-processing array 370 \ \
Array
Shaikh et al. [96] Carbon vapor deposition 8.3 \ \
800 °C, H,/Ar
Jakubinek et al. [117] CVD 750 °C, Ar ~1 \ ~10°
Tong et al. [73] Thermal CVD 750 °C ~250 \ ~10°
Cola et al. [118] PECVD \ 0.4-2.8 ~10°
CVD, 750 °C 49 \ \
Ar/H,0 (0 sccm)
H,/Ar (400—0 sccm)
CVD 750 °C 64 \ \
Ar/H,0 (100 sccm)
H,/Ar (400—0 sccm)
CVD 750 °C 62 \ \
Bauer et al. [119] Ar/H,0 (200 scem)
H,/Ar (400—0 sccm)
CVD 750 °C 55 \ \
Ar/H,0 (400 sccm)
H,/Ar (400—0 sccm)
CVD 750 °C 58 \ \
Ar/H,0 (600 sccm)
H,/Ar (400—0 sccm)
CVD 750 °C 69 \ \
Ar/H,0 (800 sccm)
H,/Ar (400—0 sccm)
CVD 750 °C 74 \ \
Ar/H,0 (200 sccm)
H,/Ar (800—800 sccm)
CVD 750 °C 79 \ \
Ar/H,0 (200 sccm)
H,/Ar (1200—1200 sccm)
CVD 6.4 + 0.8 0.9 + 0.1 \
Ivanov et al. [97] 5.7 + 0.7 0.011 + 0.001-0.8 + 0.2 \
CVD 3+04 0.42 + 0.06-2.1 + 0.2 \
Annealed in Ar at 2800 °C
Fiber&bundle
Jakubinek et al. [100] Spun, water-assisted CVD 60 + 20 \ \
. Annealing at 2300 °C 60 \ \
Niven et al. [64] Annealing at 2700 °C 72-90 \ \
Qiu et al. [11] Bismaleimide & curing ~177 + 14 \ \

3.4. Alignment effect on interfacial thermal transport for carbon nanotube
assemblies

For the application of oriented thermal transport, the arrangement
design of CNTs in the assembled material needs to be considered. To
maximize the in-plane thermal transport enhancement, the alignment
of CNTs within the network needs to be considered. Taking buckypaper
(Fig. 5(b)) as an example, random arrangement and surface defects
of nanotubes lead to shorter phonon propagation length and lower
ITC [94,115,120]. The inter-tube ITC were calculated to be within the
range of 10-100 pW K~!, which is much lower than the value of CNT
under the theoretical length (421-8730 pW K~!), that limited the in-
plane TC remain 1.19-2.92 Wm~! K~! [115]. Similar results were also
noticed in the SWCNT and MWCNT buckypaper, that is 2.43 and 3.44
Wm~! K~!, respectively. The orientation of the SWCNTs in the buck-
ypaper is improved by the magnetic field modulation method, which
indicates that the in-plane TC reaches 42 Wm~! K~! and the anisotropy
in-plane to out-of-plane ratio reaches a maximum of 3.5 [116]. High
temperature and pressure treatment of CNT buckypaper also increased
its ITC from 1.2 to 14.5 WK~!, while the in-plane and cross-plane
TC was increased by 1.41 and 1.44 times, respectively [94]. When
the nanotubes within the buckypaper network achieve high ordering
and high density (Fig. 5(c)), their in-plane TC can be as high as 370
W m~! K~!, while the anisotropy ratio is ~2.5 [95].
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The CNT arrays are grown and arranged as CNTs in a certain
direction so that normal heat flow predominates the heat transfer.
Growth control on CNT array is using the widely-adopted longitudinal
thermal enhancement strategy, which is usually based on the regulation
of preparation including modifying chemical vapor deposition (CVD)
to plasma-enhanced CVD (PECVD), or changing catalyst and growing
environment (i.e., temperature, and atmosphere). Table 1 shows rep-
resentative research results that focused on the exploration of catalyst
(i.e., type, content and layer thickness), carbon source (i.e., type, and
flow rate) and environmental treatment (i.e., temperature, gas ratio,
and annealing parameters). The TC of the array decreases with the
increasing height, due to the increased defect density in higher arrays
(Fig. 5(d)) [96]. A series of preparation were used to reduce tube
spacing within an array, which can improve heat conduction capability.
The addition of ferrocene catalyst could affect the shape, inner diameter
and outer diameter of the CNT. Increasing the inner diameters can de-
crease the density of all array [119]. Furthermore, the addition of water
enhanced the longitudinal TC and increased the hydrogen content in
the growth environment also further improved it. It is reported that
the 200 sccm Ar/H,0 and 1200 sccm H,/Ar can result in the 1.6-fold
improvement in TC of the array.

Similarly, the array can boost TC to 10-15 Wm~!K~! after an-
nealing treatment in Ar atmosphere at 2800 °C [97], owing to the
fact that more crystalline, straight and dense CNTs grow under that
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condition (Fig. 5(e)). Cleaner sidewalls, fewer sidewall defects and
continuity at junctions of CNT segments with different diameters were
corroborated by multiple methods. In addition, the uniformity of CNT
diameter also has a positive effect on the improvement of the ITC.
The high density of CNT array leads to larger surface contact area
(Fig. 5(f)) [98,117], and thus increasing the ITC. The increasing height
of the CNT array bring about the decreasing ITC due to more defects
and amorphous carbon in the tall array. When the thickness of catalyst
layer (2-—11 nm) and the flow rate of carbon source (100-300 sccm)
were controlled, high quality arrays with ~25 x 10* W m~2 K~! (the
ITC per unit area) were produced, which is 1.2 times higher than
commercial silver epoxy after curing (Fig. 5(g)) [99]. CNT fibers were
drawn and entangled from the array and they possessed high orienta-
tion along the axial direction [121,122]. Table 1 summarizes the most
representative research outcomes. MWCNTs fiber (Fig. 5(h)) was spun
from vertically aligned MWCNT arrays with 10 pm diameter and ~60—
80 mm length, which is grown by water-assisted CVD. Its TC at RT was
improved to 60 +20 Wm~! K~! [100]. The annealing process at 2300
°C and 2700 °C increased TC (26.85 °C) by ~200% and 240%-300%
(Fig. 5(i)), respectively [64]. Electro-curing scheme using bismaleimide
(BMI) formed oriented cross-linking of BMI at inter-tube interfaces with
CNT fibers (Fig. 5 (j)), brought about a remarkable TC improvement
from 30 £3.6 Wm™'K~! to 177 + 14 Wm~! K~ [11].

This section evaluates individual- and batch-CNT modulation stud-
ies to mitigate the disadvantage of reduced TC of CNT assemblies.
Among them, improving the weak interfacial force between nanotubes
is the most effective way to enhance the overall TC, and enhancing the
ordering of CNTs can achieve efficient oriented thermal transport.

4. Thermal enhancement strategies

It is a strategy to preferentially retain the highly thermal conductive
advantage of CNTs themselves via tuning the structure and interface
of CNTs in assembly to enhance the overall thermal transport effect.
However, when the composite material is a complex network struc-
ture [109,123], these strategies have the drawbacks like complicated
process and insignificant improvement effect [109,124]. By introduc-
ing other thermally synergistic materials, the unsatisfactory thermal
transport of pure CNT assembled materials is improved. Under the
action of structural synergy, the TC of the composite material is further
enhanced.

4.1. Phonon resonance mechanism for across-tube interfaces

Interfacial phonon scattering mainly arises from the longer phonon
propagation length and CNT surficial defects. Van der Waals forces
between tubes still have limitations, and bonding strategy is unable to
fully cover the assemblies composed of a large number of CNTs [125].
In order to improve the weak coupling of interface, the use of resonant
coupling is an effective strategy in engineering. The manipulation of
phonon coherence helps to excite the energy carrier density [126],
which can achieve effective across-interface thermal transport. The
hybridized phonon modes, phonon localization and modal phonon
interference are the main indicators of phonon coherence for resonant
coupling in a large number of studies [127,128].

Low-frequency phonon resonant coupling between nanotubes is
an effective thermal enhancement strategy that can be applied to
large-scale CNT assemblies. Resonant coupling can be achieved by a
variety of methods, including optical pulse [129-131], heat pulse [132,
133], hammer impact [134], friction [135,136], and additive modifi-
cation [137-139]. Optical pulse and heat pulse drive coherent atomic
motion between nanotubes, whereas the radial and axial vibration
modes (e.g. radial breathing mode, G mode) are excited and exchanged
by pulses, where the radial modes produce strong and long-term cou-
pling effects. The radial and axial mechanical interference (hammer
impact and friction) affects the inter-tube spacing and excites different
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phonon modes/coupling forms, but the phonon resonance is hardly
maintained after removing the interference. Additive modification is
based on structural synergies across scales, the nano-enhancer fills the
interface of tubes and induces stronger phonon transmission, which
induces the low-frequency resonance of inter-tube atoms and thus
enhances the thermal transport. Meanwhile, the modified composites
are able to give a stable maintenance for the enhanced TC in the appli-
cation. Therefore, it is an effective strategy to introduce nanoparticles
and polymer chains, to enhance the phonon resonance of interfacial
carbon atoms to broaden thermal transport channels.

The optimization effect of nano-carbon and metal nanoparticles
can build a continuous thermal network, facilitating efficient heat
transfer [140]. The electron exchange-transfer mechanism was notified
in two noble metal nanoparticles (palladium and platinum) and carbon
atoms, thereby increasing the interaction and thermal transport chan-
nels at the interface [137]. The loading of gold nanoparticles (Fig. 6(a))
boosted the G value between the tube bundles (12.5 pm diameter) by
a 1.7-fold improvement (corresponding to the highest TC of the fiber
is 52 Wm~! K~1), the mechanism is sourced from increased phonon vi-
brational density and low frequency phonon excitation, which increases
the distance of the phonon transport [141]. Through the aggregation
of pre-functionalized silver nanoparticles on MWCNTs, the phonon
transport junctions were generated in assembled TIMs and improved TC
to 160 Wm~! K~!, which reduced the temperature difference of the cen-
tral processing unit device and heat sink from 15.6 °C to 13.5 °C [142].
The alignment behavior of CNTs under a magnetic field can trigger the
TC percolation effect and obtained a significant improvement in the
thermal transport of phonons at the CNT-Fe;0, interface [138].

Non-metallic nanomaterials and physical/chemical modification at
the interface can further created new heat transfer channels, which
enhances the heat conduction. It is corroborated that iodine chains
can improve the TC with 1.55-fold improvement (corresponding to the
highest TC that is 47.3 Wm~!K~!) on CNT fiber (Fig. 6 (b)) [69].
Furthermore, strong acid and iodine chains can be utilized to modify
the cross-tube interfaces. Functional groups such as hydroxyl, carboxyl,
and amide groups from acid (Fig. 6(c)) could effectively improve
the ITC between CNTs [139]. The interface was physicochemically
modified with linkers to obtain TC as high as 635 Wm~!K~! [12].
The physical densification of CNTs and the deposition of carbonaceous
coatings improved the ITC, and the in-plane oriented films weaved
via CNT microfibers obtained an extremely high TC of nearly 770
W m~! K~! [143]. Local densification and acidification were carried out
on the interface between tubes, the electrostatic adsorption force and
short functional groups (-OH, -CH,—-, -CH;, -C=0, which can be seen
in Fig. 6(d)) were successfully introduced into the interface in fibers
(12.5 pm diameter). Based on the above two types of force stronger than
the van der Waals force, TC achieved a nearly 2.4-fold improvement
(corresponding to the highest of the fiber 50.5 Wm~!' K~!) [68]. Assign-
ing soft long-chain polymers such as polyurethane and polyethylene to
the groove sites of the contacting CNTs, the excited phonons lead to a
low-frequency resonance mechanism across the tube positions, which
improved significantly the inter-tube ITC by 79 % [144]. Among them,
the long-chain polyethylene molecular chain placed in the grooves
on both sides of the two parallel CNTs served as a thermal switch
knob(Fig. 6(e)). When the relative angle of the chains become flattened
compared with the direction of the CNT axis (30-60°), the CNT contacts
related to the phonon coupling is strongly enhanced, and thus the ITC
is increased by ~120% [145].

4.2. Synergistic thermal conduction network of multiple materials

The addition of some nanomaterials helps to optimize the atomic
forces between CNT tubes. Thermal conduction networks are built
via the interaction of polyatomic systems when the dimensions of
other thermally conductive materials in the composite are greater than
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Source: Reprinted with permission from Ref. [141] (Copyright (2019) Elsevier), Ref. [69] (Copyright (2018) Elsevier), Ref. [139] (Copyright (2010) Elsevier), Ref. [68] (Copyright

(2016) Elsevier), Ref. [145] (Copyright (2022) Elsevier).

or equal to CNTs. Because graphene nanoplatelets (GNPs) have low-
dimensional structural features and advantages of physical properties,
they can further optimize the performance of CNT networks, and form
new thermal conductive assemblies to achieve synergistic enhance-
ment [146-149]. In terms of structure, GNPs can act as bridges in
the CNT network (Fig. 7(a)). This reduces the aggregation due to the
intertwining of 1D nanotubes and thus enhances the overall dispersion.
With longer nanotubes and optimal filler ratios, the coverage of the
network was further increased, resulting in a 1.48-fold enhancement in
TC, along with synergistic enhancements in electrical conductivity and
tensile strength [146]. However, more CNTs loading would exacerbate
the aggregation and the bridging effect of GNPs is replaced by the ther-
mal transport inhibition effect of the clusters [93,112]. On the other
hand, GNPs with larger surface area and lower particle/matrix inter-
face resistance still promote the phonon conversion mechanism [147],
resulting in a more uniform heat flux distribution within the polymer
(Fig. 7(b)).

Interestingly, the sequence of adding different fillers also had differ-
ent effects on thermal enhancement [148]. According to the research
of Xiao et al., the post-added CNTs in the ternary mixture can exfoliate
and disperse the GNPs, and the = — r interaction bridging between
the two materials enhanced the thermal diffusion between adjacent
GNPs [149]. However, in reverse order, the larger size GNPs produced
a volume exclusion reaction during the assembly process, which pro-
moted the agglomeration of CNTs and thus weakening the thermal
enhancement effect (Fig. 7(c)).

In addition to the synergistic enhancement with GNPs, other ther-
mally conductive materials such as boron nitride, expanded graphite,
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etc. can form new filler synergistic strengthening effect combined with
CNTs. Similar to the synergistic mechanism of CNT/GNPs filler, the
relatively small CNTs plays a vital bridging effect to build a multiple
network structure of binary fillers [150-152]. Furthermore, The control
of the addition content of large-sized fillers (e.g. expanded graphite)
enables CNTs build a network around them, and cross-link with the
filler network (Fig. 8(a)), improving the electrical and thermal conduc-
tivities and tensile strength [151]. When the arrangement of the filler
is oriented, the thermal enhancement effect will be greatly improved.
After 2D boron nitrides and 1D CNTs were arranged along the rolling
direction through hot pressing and hot rolling (Fig. 8(b)), they formed
a structure with overlapping orientations was formed, which formed a
stronger bridging effect of CNTs and a large number of continuous filler
thermal chains, thereby increasing the overall thermal conductivity by
6-fold [152].

When CNTs become large-sized fillers, other fillers can achieve sec-
ondary heat transfer in the substrate in addition to bridging function.
For example, the hydrothermal reaction was used to synthesize CNT as
the skeleton, MoS, and graphene as secondary branches for collecting
the heat of the substrate and dissipated it into the CNT (Fig. 8(c)).
Due to the wettability of MoS,, the connection between the filler and
the substrate was chemical bonding, which greatly reduced the ITR.
Under the action of large-surface-area of MoS,, heat transfer network
of graphene and chemical bonding, the TC was increased by 23 times
compared with the substrate [153].

In terms of self-healing research, the presence of CNTs restored
weak hydrogen bonds between the separated surfaces in the
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Source: Reprinted with permission from Ref. [146] (Copyright (2019) Elsevier), Ref. [147] (Copyright (2013) Elsevier), Ref. [148] (Copyright (2016) Elsevier).

polyurethane matrix and rebuilt the bonds between the nanotube
surfaces and the polyurethane, and stronger electrostatic interactions
occurred at contacted interfaces. These atomic-level force changes
strengthen the phonon-phonon mechanism, resulting in an enhance-
ment of TC. The presence of CNTs slightly inhibit the mobility and
diffusivity of polymer chains [154]. On the smart modulation of CNTs
arrays as TIMs, the addition of polyimide materials can make arrays to
withstand a pressure of 2.5 MPa. Under the action of a weak molecular
cross-linked network, it withstood 30% shape deformation and restore
to the original state for 24 h. In addition, the orientation structure of the
array heightened the overall TC to 12.5 + 0.18 Wm~! K. The strong
adhesion and high elasticity of the composite enhanced the transport of
phonons across the interface and greatly reduced the thermal contact
resistance (its value was 6.83 +0.15x 10~ K m? W~!, which is close to
the covalent bonding effect) [155].

4.3. Thermal bridges for heat sink—heat source interface

The mechanism of ITC is more specific at the end because of the
complexity of contact materials, resulting in great inherent variability
between contact objects, and differences in atomic-level interactions.
Taking CNT arrays as an example, the adhesion interaction of the
array bottom is sourced from covalent bonding to the catalyst particles,
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compared with the weak van der Waals force. There is a large difference
in the ITC of the two interfaces from top and bottom [50,156].

According to MD simulation results, the ITR of the VACNT boots-
silicon substrate decreased by 2 orders of magnitude compared with
no bonding, which is benefited from chemical bonding (bonding C-
Si monomolecular thin layer) [157]. Similarly, the covalent bond was
used to connect the GNP surface with the CNT end (Fig. 9(a)) to
construct a hybrid TIM [158]. Compared with the case without covalent
bond, the ITR of CNT-graphene with this structure decreased by 3
orders of magnitude, and the overall thermal transport capacity of TIM
increased by 2-3 orders of magnitude. In the experimental outcomes,
it can be observed that the ITR has reached a very low limit under
binding (Fig. 9(b)). The introduction of polymer [159] and metal
thin layers [73] achieved bonding improvement. The research on the
bonding between the array and metal can effectively reduce the hinder
degree of ITR, which occurs between the metal heat sink and the array
TIMs [35,160]. Therefore, it facilitates the transfer of arrays grown
from the silicon substrates to the metal devices [160]. The catalyst
improves the growth of the array, but has a negative feedback effect
on the bonding of growing CNT roots [70].

In addition to the highly aligned arrays of surface flatness achieved
by growth control (which can be seen in Table 1), post-processing meth-
ods of the interface (such as highly thermally conductive coatings or
mechanical treatments) further enhance interfacial thermal transport.
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Fig. 8. Example of interfacial bonding (a) Overlapping network of expanded graphites and CNTs, (b) Boron nitrides and CNTs are oriented along the hot rolling direction, (c)
Structural diagram of CNT/MoS,/graphene nanofiller and heat transfer process in the epoxy resin matrix.
Source: Reprinted with permission from Ref. [151] (Copyright (2017) Elsevier), Ref. [152] (Copyright (2018) Elsevier), Ref. [153] (Copyright (2019) Elsevier).

Table 2 collects some results about the end ITC of pristine material, and
improvements from coating or mechanical methods. According to the
previous results, a good contact area can improve ITC by more than an
order of magnitude. For the coating filling, two kinds of coating film
including Diamond-like carbon and Titanium nitride were deposited via
filtered cathodic vacuum arc technique (Fig. 9(c)). The deposition time
was controlled so that the sp? sites in the carbon nanotube clusters form
a sp> matrix in the coating, it turned out to be ~13 times higher than
pristine [161]. Similarly, the improving of ~1.8 times, ~39 times and
~53 times were accomplished at the Al (Fig. 9(d)), carbon and reac-
tive metal coating [163,164,166], respectively. The electron beamed
process was applied to solder Bi/Sn/Ag layers and Ti/Ni/Au layers on
two tips of CNTs contacted with heat sink/source [162], the different
pressure (about double as the pressure increasing) and reflowing in
a seven-zone reflow oven at a peak temperature of 249.85 °C (about
~1.6 times improving after reflow) were induced in these composite
materials to further improve ITC.

Ti/Au coating was sputtered on to the top of the array, but only
penetrating in the order of 100 nm depth into the array [70]. The
array was bonded to an opposing surface at a temperature of 200 °C
and a pressure of 100 kPa, the highest ITC of 10.5 x 10° W m~2 K~!
was attained. In addition to the array surface coating treatment, shear
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pressing on the top of array (Fig. 9(e)) was adopted to achieve compact
horizontal packing and transverse physical overlapping dramatically,
which increased ITC to 1.25 + 0.31 x 10° W m~2 K~! [165]. Altering
the sublimation temperature catalyst ferrocene greatly eliminated car-
bonaceous byproducts agglomerates covered the CNT tops and the Fe
nanoparticles on the exterior of the CNTs are also greatly reduced,
which increased ITC from 0.23 + 0.31x10° W m™2 K~! t0 0.59 + 0.31x10°
Wm2K! [167].

This section reviews CNT composites with material modification as
the main focus. The resonant coupling between CNTs, the structural
synergy between CNTs and other thermally conductive materials, and
the thermal channel construction between CNTs and heat sink are
achieved through the modification at the interface. All these strategies
remarkably enhance the thermal transport of the composites.

5. Conclusion

This paper has reviewed the thermal transport mechanism and
influencing factors of CNTs and their composites. In addition to summa-
rizing the differences in phonon transport within the material and at the
interface, it has also been observed that the size of CNTs, the interface
and the arrangement between individual CNTs have different influences
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Table 2
Interface treatment approaches and interfacial thermal conduction at array surface.
Research team Interface handling Array thickness (pm) ITC (W m=2 K1)
Pristine 6.4 0.31+0.02 x 10°
DLC 15 min® 5.6 1.02 +0.04 x 10°
DLC 30 min 7.8 4.13+£0.77 x 10°
Qiu et al. [161] DLC 45 min 6.4 3.41+0.61 x 10°
DLC 60 min 7.1 1.03 +0.06 x 10°
TiN 20 min 8.5 2.54 +0.22 x 10°
TiN 30 min 9.0 1.01 +0.49 x 10°
Initial, 0.14 MPa 25 1.33+£0.13 x 10*
Bi/Sn/Ag Initial, 0.34 MPa 1.37 £0.13 x 10*
Peacock et al. [162] Ti/Ni/Au® After reflow, 0.14 MPa 2,18+ 021 x 10°
After reflow, 0.34 MPa 2.33+0.23x 10*
Pristine \ 0.66 x 10°
Wu et al. [163] Al-coating® \ 1.2x 100
Pristine 20 0.02 x 10°
. C-coating 20 0.31 x 10°
Ping et al. [164] C-coating 40 0.48 x 10°
C-coating 80 0.77 x 10°
Single-bonded Si-CNT-Si 80 3.74 + 1.50 x 10°
Double-bonded Si-CNT-Si 80 3.08 +0.84 x 10°
Single-bonded Si-CNT-Cu 80 3.49 +0.59 x 10°
Nylander et al. [70] Single-bonded Si-CNT-Cu 200 1.92 x 10°
Single-bonded Si-CNT-Cu 50 8.13 x 10°
Single-bonded Si-CNT-Cu 10 10.53 x 10°
Double-bonded Si-CNT-Cu 80 2.01 +0.40 x 10°
Qiu et al. [165] Shear pressing 45 1.25+0.31 x 10°
Pristine \ 0.07 —0.20 x 10*
Growth interface \ 0.54 - 0.77 x 10*
Barako et al. [166] Indium bonding \ 213-333% 10°
Reactive metal bonding \ 2.44 -370x 10*
. Pristine \ 0.23 x 10°
Qiu et al. [167] Eliminating C-BPs agglomerates? &Fe \ 0.59 x 108
215 min deposition time via Diamond-like carbon (DLC) or TiN, the following related content is the same.
bBi/Sn/Ag solder (127 um)-Ti/Ni/Au (0.3 pm)-CNTs (25 pm)-Ti/Ni/Au (0.3 pm)-Bi/Sn/Ag solder (127 um).
¢Uniform aluminum layer is introduced to the surface of array.
dCarbonaceous byproducts (C-BPs).
10 |- [ ]Van der Waals forces
! [ Covalent bonding
£
g 6l
.0
-4
=
= L
1 S I O B v I e =y

Ref[164] Ref[161] Ref[162] Ref[164] Ref[69]  Ref [69]

Fig. 9. Thermal enhancement strategies at the interface between heat sink and TIM (a) Schematic of the setup for the MD simulations. Langevin thermostat with temperature
T, and T_ is applied to the top and bottom GNPs, respectively, resulting in the heat flow J in the z-direction, (b) Comparison of interfacial thermal resistance under van der
Waals force and covalent bonding, (¢) Diamond-like carbon and Titanium nitride and (d) 1-pm-thick aluminum layer coating filling on top of the array for interfacial thermal
enhancement, (e) Horizontally aligned CNTs sheared pressing on the array top.

Source: Reprinted with permission from Ref. [158] (Copyright (2015) Wiley Online Library), Ref. [161] (Copyright (2019) Elsevier), Ref. [163] (Copyright (2005) American Institute
of Physics), Ref. [165] (Copyright (2016) Nature).
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on the overall TC. It is concluded that: (1) Most CNT materials have
a quadratic dependence of length, but the effect of CNT diameter on
the overall thermal transport should also account the phonon scattering
effect between nanotubes; (2) In the composites, the interface between
the individual CNTs is the biggest obstacle to the overall thermal
transport, and due to the limitation of weak van der Waals force, the
ITC cannot simply be enhanced by mechanical methods; (3) the spatial
distribution of inter-CNT junctions in composites interferes with the
propagation distance of interface phonons. (4) High density and order
of CNTs composites have good thermal transport properties, but the
aggregation phenomenon caused by a random distribution of CNTs
inhibits the overall thermal transport effect.

Based on the above thermal transport mechanism, this review also
investigates the related thermal enhancement strategies. The growth
control and interface optimization of CNTs are the research hotspots
of composite materials in recent years, which mainly include: (1)
Control the uniformity and orientation of CNTs growth to improve the
interfacial contact and achieve directional thermal transport, which
increases the anisotropy ratio of composites; (2) The interface mod-
ification increases the strength of interfacial atomic forces, and the
addition of additional interfacial thermal channels to suppress the in-
terference of phonon scattering; (3) Structural synergy strategies make
CNTs and other highly thermally conductive materials in composites to
build efficient thermal transport networks. In addition, the paper also
presents the functional synergistic effects of self-healing and mechani-
cal enhancement of recently developed smart TIM materials in practical
thermal management applications.
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