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A B S T R A C T   

The continuous trend of miniaturization leads to unprecedented power densities within electronic devices, which 
also becomes the bottleneck of the device performance. Effective cooling of electronic devices is critical and 
polymer-based materials may play an important role in this important direction, with advantages such as low 
cost, corrosion resistance, light weight, and flexibility. For thermal management applications, the intrinsically 
low thermal conductivities of amorphous polymers can be dramatically enhanced with strain-induced crystal
lization and ultra-high-conductivity fillers. In this mini review, some advancements in this field are summarized 
and discussed, followed by a prospective on future directions.   

1. Introduction 

The continuously increasing power densities within electronic de
vices have created challenges for their thermal management and trig
gered active research over the years [1–6]. A new focus is on power 
electronic devices that are widely used for hybrid/electric vehicles, 
aircraft, satellites, smartphones, electric grids, and radar systems [7]. 
Despite numerous studies on coolers integrated with a chip [7,8], the 
overall heat rejection from a chip to the environment should also be 
addressed. Fig. 1 shows the typical scheme of electronics package, in 
which heat generated within a chip is eventually transferred to a heat 
sink or cold plate. The bottleneck for heat dissipation can be from 
interfacial thermal resistances within the chip [9,10] and between 
different components of the setup. 

In applications, polymer-based materials can play an important role 
in reducing the above-mentioned thermal contact resistance within the 
packaging. For thermal management of electronic devices, one research 
focus is to minimize the thermal contact resistance between the chip and 
the heat sink, e.g., a fin or a cold plate (Fig. 1a). For two typical 
adjoining surfaces, their microscopic roughness results in an actual 
contact area that is only 1–2% of the nominal surface area [11,12]. To 
better “bridge” the two surfaces thermally, various thermal interface 
materials (TIMs) have been developed to facilitate the heat transfer. 
TIMs are typically compliant greases, gels, metallic solders or foils, filled 

polymer matrices, carbon-based materials, or phase change materials 
(PCMs) that work to compensate for the roughness of the interfacing 
surfaces by filling in the non-contacting areas that would otherwise be 
occupied by poorly conducting air gaps (Fig. 1b) [4,6,13–16]. Here 
polymer-based TIMs have been widely used in many applications with 
their mechanically flexibility, small thermal expansion coefficients, easy 
processing, and low cost. The obtained thermal resistance per unit area 
with a TIM is given as RTIM = t/kTIM+RC1 + RC2, in which t is the TIM 
layer thickness, kTIM is the thermal conductivity of the TIM, RC1 and RC2 
are the thermal contact resistances between the TIM and each surface 
per unit area. The intrinsically low thermal conductivity k of polymers, 
as 0.1–0.5 W/m⋅K at room temperature, can largely restrict the perfor
mance of TIMs. For polymer-based TIMs, the highest kTIM is 14 W/m⋅K 
with 2 vol % graphene fillers in a commercial thermal grease with its 
initial k ≈5.8 W/m⋅K [17], whereas kTIM is less than 8 W/m⋅K in most 
cases. Typical industrial TIMs have RTIM of 3–10 × 10−6 m2 K/W [13]. 
Continuous efforts can be found for enhancing the k of polymers by 
adding various high-thermal-conductivity fillers. Such composite ma
terials could be readily integrated with existing technologies for better 
heat dissipation in microelectronics packaging. This composite-based 
approach involves embedding fillers (good thermal conductors) into 
flexible host media to improve the overall thermal performance. 

In the setup shown in Fig. 1a, a heat spreader on top of a chip can also 
help to spread out the heat and thus minimize the temperature rise 
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across the chip. Polymer-based thin films with an ultra-high thermal 
conductivity hold great promise for such applications. In addition, 
polymers can also be used for the usually metal-made heat sinks [18], as 
an extension from polymer-based heat exchangers developed at DuPont 
back in 1965 [19]. Despite the relatively low k of polymers with after 
adding fillers, polymer-based heat sinks have already become an alter
native for metallic heat sinks for low heat flux applications, with ad
vantages such as low cost, low weight, and good electrical insulation. 

In this mini review, the recent advancements of polymers with 
enhanced thermal conductivities are summarized. The focus is on how to 
better align the random polymer chains with an applied strain and how 
to form a thermally conductive network with fillers such as nanocarbon 
materials. 

2. Strain-induced chain alignment and crystallization within 
polymers 

2.1. Current understanding of heat transfer in polymers 

Polymers are generally regarded as thermal insulators [20–23]. 
Pervasive defects and structural disorders in polymers act as scattering 
sites for heat carriers, which lead to a low thermal conductivity on the 
order of 0.1 W/m⋅K [24,25]. For example, polymer chain entangle
ments, chain ends, crystal-amorphous interfaces, and voids hinder effi
cient thermal transport [21] (Fig. 2a). However, simulation studies have 
suggested that an extremely high thermal conductivity can be achieved 
in polymers [26,27]. Atomistic simulations have suggested that an in
dividual crystalline polyethylene chain can have a very high—possibly 
divergent—thermal conductivity [27], in agreement with the 
non-ergodic characteristics of one-dimensional conductors discussed by 
Fermi et al. [28]. The fact that common polymers (e.g., polyethylene) 
are composed of backbones of covalent carbon-carbon bonds similar to 
those in diamond, one of the most thermally conductive materials 
(above 1000 W/m⋅K), encourages research in developing thermally 
conductive polymers with a diamond-like thermal conductivity (Fig. 2b) 
[29,30]. 

Over the past decades, considerable progress has been made in the 
development of thermally conductive polymers [21,23,32–34]. A 
record-high thermal conductivity for polymers has been measured in 
polyethylene nanofibers (~104 W/m⋅K), which is 300 times higher than 
that of bulk polyethylene (~0.35 W/m⋅K). Although exceptionally 
conductive, this measured thermal conductivity is lower than the nu
merical predictions for single-crystalline polyethylene (~160 W/m⋅K 
[35]). There is no precise mechanism that accounts for the deviation of 
experimental and theoretical values [35]. To date, a systematic theory of 
the thermal transport in bulk polymers is still lacking [32]. 

Further understanding of the thermal transport mechanisms in 
polymers is essential for designing and developing the next generation of 
thermally conductive polymers [20,23,36]. In particular, understanding 
the relationships between the thermal conductivity and polymer struc
tures (chemical composition, chain alignment and crystallinity, chain 

morphology and topology) is essential for controlling thermal transport 
in polymers [1,20,23,29,36–42]. In this section, we will focus on how 
chain alignment and crystallinity influence the thermal conductivity of 
polymers. We will review how the thermal conductivity is enhanced by 
strain-induced polymer chain alignment and crystallization. 

The thermal conductivity in polymers is morphology dependent [31, 
43]. An enhanced thermal conductivity along chain directions has been 
measured in aligned polymers [44–46]. During chain alignment pro
cesses, crystalline domains are orientated, and coiled and amorphous 
chains also become more orientated. After chain alignments, heat car
riers can transport more efficiently along these straight chains, which 
results in an enhanced thermal conductivity in the aligned chain di
rections. In addition to semicrystalline polymers, a high thermal con
ductivity has also been measured in aligned amorphous polymers [47, 
48]. Detailed examples for a high thermal conductivity in aligned 
polymers will be discussed below. 

The thermal conductivity in polymers is also crystallinity dependent 
[23,49–56]. In common polymers including semicrystalline polymers 
and amorphous polymers, amorphous domains hinder efficient thermal 
transport by disorder scatterings and lead to a low thermal conductivity. 
In semicrystalline polymers, from the amorphous domains to crystalline 
domains, the thermal conductivity of polyethylene has been predicted to 
increase from 0.3 W/m⋅K to 50 W/m⋅K by molecular dynamics (MD) 
simulations [41]. The low thermal conductivity in amorphous domains 
could root from conformational disorders that significantly interrupt 
heat carrier transport along chains [57]. Crystalline polymers usually 
have a higher thermal conductivity than amorphous ones [58]. Crys
tallization can increase the intrinsic order, which is likely responsible for 
a higher thermal conductivity in polymers such as polytrifluorochloro
ethylene [34] and polyethylene [59]. However, there are exceptions. For 
example, polypropylene is highly crystalline but has a low thermal 
conductivity [58]. The low thermal conductivity of polypropylene can 
be attributed to its low crystal density, and/or the possible heat carrier 
scatterings created by the vibrational mode of methyl side group, and/or 
the possible heat carrier scatterings at interfaces between crystallites 
and the amorphous domains [58]. Thus, the thermal conductivity of 
polymers is not solely controlled by crystallinity. There are other key 
structural factors influencing the thermal conductivity, which could be 
crystal structures, chain structures, monomer structures, chain confor
mations, chain morphologies and topologies, and among others [21,23, 
31–34,43]. 

2.2. Enhancing the thermal conductivity of polymers via strain 
engineering 

To decrease structural disorders and increase chain alignments, 
uniaxial (or biaxial) mechanical stretching has been widely used for 
aligning polymer chains [60–62]. Meanwhile, strain-induced crystalli
zation may occur through chain alignment, rotation, and perfection of 
internal order of paracrystalline structures that originally present in 
amorphous chains [31,63–67] (Fig. 3). In stretched polymers, more 

Fig. 1. (a) Schematic of a typical ball grid array electronics package with two TIM layers to improve the thermal transport between adjacent components. The major 
thermal resistances include the internal conduction thermal resistance within the chip, and the associated conduction/convection thermal resistance of the heat sink 
as a fin here. (b) Working principle of a TIM, where the airgap between two surfaces is filled with a TIM to reduce the interfacial temperature jump. 
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covalent bonds in polymer backbones are expected to be oriented along 
the stretching direction than other directions (Fig. 3a). Aligned back
bones are expected to provide efficient thermal pathways. An enhanced 
thermal conductivity has been measured for stretched polymers [23,31, 
38–40,51–53,68–74]. For example, a room-temperature thermal con
ductivity of ~20 W/m.K has been reported for stretched polyethylene 
mirofibers and poly(p-phenylene benzobisoxazole) microfibers, which 
have high tensile moduli and are commercially available [53]. In 
addition, the one-dimensional polyethylene nanofibers have a high 
thermal conductivity ~104 W/m⋅K along the stretched chain direction 
[52], which exceeds that of ceramics and many metals. The high thermal 
conductivity ~104 W/m⋅K of polyethylene is attributed to the restruc
turing of the polyethylene chains by stretching, which improves the fiber 
quality toward an ‘ideal’ single crystalline fiber. These polyethylene 
nanofibers with ‘perfect’ single crystalline structures are created from a 
polyethylene gel prepared by dissolving ultrahigh-molecular-weight 
polyethylene powder in decalin at 1451◦C. The solution is then 
quenched in water to form a gel. Subsequently, a small sample of wet gel 
is heated to 120◦C on a heating stage and an individual suspended fiber 
is drawn from the heated gel using either a sharp tungsten tip or a 
tip-less atomic force microscope cantilever (diameter, ~100 nm). The 
overall draw ratio for drawn polyethylene fibers has been estimated to 
be between 60 and 800 [52]. Here the draw ratio is the final length 
divided by the initial length [52]. The polyethylene nanofibers have a 
thermal conductivity ~104 W/m⋅K, when the draw ratio is 410 [52]. 
Through the Couette-flow extrusion and roll-to-roll stretching processes, 

polyethylene films are developed with an emphasis on minimally 
entangling and maximally aligning the polyethylene chains [31]. Such 
stretched polyethylene films with disentangled and aligned chains show 
a high thermal conductivity ~62 W/m⋅K along the stretching direction 
(draw ratio 110) [31]. The thermal conductivity and crystallinity in 
these polyethylene films increase with increasing draw ratios (Fig. 3a 
and b). Disentangled polyethylene can also be processed in the solid 
states through compaction followed by uniaxially stretching [69]. The 
obtained stretched polyethylene films have a high thermal conductivity 
~61.8 W/m⋅K (draw ratio 240) along the stretching direction [69]. An 
enhanced thermal conductivity (~9.3 W/m⋅K) has been measured in 
stretched semicrystalline polyethylene films (draw ratio 7.5), and qua
siballistic heat transport has been experimentally probed in these 
stretched polyethylene films, and ballistic phonons with mean free paths 
up to 200 nm has been experimentally probed [75]. The polymer films 
with higher draw ratios have better chain alignments and higher crys
tallinity, which results in a higher thermal conductivity [31,69,75]. 
Zylon fibers show a high thermal conductivity ~20 W/m⋅K along the 
fiber direction [53]. PMMA shows a thermal conductivity ~0.29 W/m⋅K 
(stretching degree two) along the stretching direction, which is 1.7 times 
higher than that of unstretched one [72]. Attention should also be paid 
to the anisotropy of the thermal conductivity of stretched polymers [31, 
52,69,76,77]. The high thermal conductivity is only measured in the 
stretched chain direction, the thermal conductivity across the chain 
direction is still on the order of 0.1 W/m⋅K [77]. This is because, unlike 
strong carbon-carbon covalent bonds (~346 kJ/mol) in polymer 

Fig. 2. (a) Illustration of polymer structures with amorphous and crystalline regions. In the amorphous regions, there are chain entanglements, chain voids and ends 
limit efficient heat transfer in polymers. (b) Illustration of polymer structures with better chain alignment and higher crystallinity [31], which are expected to provide 
efficient thermal transport pathways. 

Fig. 3. (a) First-order orientation parameter and the effective crystallinity in stretched polyethylene films under different draw ratios. (b) Measured total thermal 
conductivity in stretched polyethylene as a function of the draw ratio. The red spheres were obtained from the steady-state experiments. A thermal conductivity of 62 
W/m⋅K was measured from the × 110 films. The blue square denotes the average of 20 transient thermoreflectance measurements at 3 and 6 MHz modulation. The 
steady-state error bars take into account the uncertainties in the measurement of the sample geometry, the uncertainty in the estimation of the radiation contribution 
and the uncertainty in the thermal shunting measurement [31]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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backbones, common intermolecular interactions between polymer 
backbones are weak Van der Waals forces (~0.4 kJ/mol to 4 kJ/mol) 
[23,29,78]. Synthesizing bulk polymer single crystal is an effective way 
to decrease disorders and increase the thermal conductivity, but it re
mains very challenging [54,79]. 

In contrast to above uniaxially stretched polymer fibers and films, 
the biaxially stretched polyethylene films also show a high thermal 
conductivity of 18 W/m⋅K in the in-plane direction, which is comparable 
to stainless steel [69,80] (Table 1). The high thermal conductivity of the 
biaxial drawn polyethylene films, with a thickness of 30 μm, can be 
attributed to the extended chain orientation in the biaxial direction, thus 
facilitating the efficient thermal transport [69]. 

In addition to mechanical stretching methods for making strain- 
induced chain alignments, polymer chain orientations can be induced 
by the extensional flow of electrospinning [81,82]. During electro
spinning, a strong electrostatic field forces a liquid jet from a droplet of 
dissolved polymer chains, and a continuous nanofiber is formed as the 
solvent evaporates in flight [83–86]. The strong elongational flow in this 
jet can result in fibers with chain orientations, which are expected to 
have a significantly enhanced thermal conductivity along the fiber di
rection [83–86]. In addition to chain alignments, there could be 
reduction in defects and voids in the electrospun polymer fibers [86]. 
The aligned polymer chains by electrospun methods are expected to 
provide efficient thermal transport pathways [87]. For example, poly
ethylene nanofibers produced at a 45 kV electrospinning voltage and a 
150 mm needle-collector distance could have a thermal conductivity of 
up to 9.3 W/m⋅K, over 20 times higher than the typical bulk value [83]. 
Electrospun Nylon-11 fibers show a thermal conductivity ~1.6 W/m⋅K, 
which is ~10 times higher than that of the unstretched one [84]. Elec
trospun polyethylene oxide has a thermal conductivity of ~29 W/m⋅K 
[85]. Compared with the ~0.5 W/m⋅K thermal conductivity in elec
trospun polyvinyl chloride fibers, polyvinylidene fluoride fibers show a 
higher thermal conductivity of ~0.9 W/m⋅K [86]. This is because the 
vibrational energy can propagate more efficient along polyvinylidene 
fluoride chains, when the side groups are lighter and more symmetric 
[86]. Electrospun polystyrene nanowires have a thermal conductivity of 
~14.4 W/m⋅K, which is a significant increase from typical bulk values 
[87]. This is because the vibrational energy can propagate more efficient 
along the aligned polystyrene chains than that of typical coiled poly
styrene chains. 

2.3. Knowledge gap between theoretical and experimental studies 

Although an ultrahigh thermal conductivity has been measured in 
above stretched polymers, for example, stretched polyethylene nano
fibers and films [31,52], the measured values are still much lower than 
the numerical predictions for 1D crystalline polyethylene fibers (~350 
W/m⋅K or possibly divergent) [27] and bulk single-crystalline poly
ethylene (~160 W/m⋅K) [27,35,42]. To date, there is no precise 
mechanism that accounts for the deviation of experimental and theo
retical values. The interplay between thermal transport properties and 
polymer structures remains not fully understood. Future design and 
development of the next generation of heat conducting polymers with a 

diamond-like thermal conductivity require in-depth understanding of 
thermal transport mechanisms at multiscale levels ranging from the 
atomic level and the nanoscale level to the microscale level and the 
macroscale level. 

3. Polymer-based composites with fillers 

3.1. Overview for thermal conductivity enhancement with fillers 

Polymeric nanocomposite-based TIM materials by loading a matrix 
with high thermal conductivity micro- or nano-fillers is a common 
approach that can be readily accepted for practical use. A variety of 
micro- and nano-fillers have been investigated in literature, including 
alumina [88], silica [88,89], boron nitride [88,90,91], aluminum nitride 
[92], silicon carbide [93], graphite [88], diamond [88,90], graphene 
[91,94], carbon nanotubes [93,95], carbon fibers [89], and few-layer 
materials [94,96]. A brief summary of employed fillers and their ther
mal conductivities (kf ) can be found elsewhere [4,97]. More advanced 
studies can also be found for fully carbon-based fillers made of func
tionalized multi-walled carbon nanotubes and reduced graphene oxide 
[98]. Literature studies have demonstrated significant increase in the 
thermal conductivity for composites compared with that of the pure host 
material. However, due to the low thermal conductivity of the host 
media (e.g., ~0.2 W/m⋅K for polymers), the gain in the effective thermal 
conductivity of composites is rather moderate, often less than 10 W/m⋅K 
[99]. As a few exceptions, a thermal conductivity of 32.5 W/m⋅K was 
reported for 78.5% (volumetric) boron nitride-loaded polybenzoxazine 
[100] and a thermal conductivity of 14 W/m⋅K was reported for a 
commercial thermal grease loaded with graphene fillers [17]. 

3.2. Effective medium formula and the importance of RK 

The effective thermal conductivity keff for polymers with dispersed 
fillers depends on the thermal conductivity kh of the polymer host, the 
thermal conductivity kf of the filler or inclusion, the volumetric fraction 
ϕ of fillers, and the interfacial thermal resistance RK between the filler 
and the polymer host [13]. Some insights for the future development of 
TIMs can be obtained from the thermal modeling of a nanocomposite. 
Effective medium approximation (EMA) models are generally used to 
predict the thermal conductivity of various composites. EMA models 
usually assume dispersion of isolated fillers in a continuous matrix and 
can take into account the interfacial thermal resistance RK (or the in
verse of resistance, interfacial thermal conductance) between the filler 
and the host [101–104]. For an isotropic polymer host embedded with 
spherical particles, the effective keff for such a particle-in-a-host geom
etry is given under the EMA [105–107]: 

keff

kh
=

kf (1 + 2α) + 2kh + 2ϕ
[
kf (1 − α) − kh

]

kf (1 + 2α) + 2kh − ϕ
[
kf (1 − α) − kh

] ⋅ (1) 

Here the dimensionless α is defined as 2RKkh/d, where d is the par
ticle diameter and RK is the thermal interface resistance between the 
particle and the polymer. Equation (1) has been widely used for 
polymer-based TIMs, particle-fluid mixtures [108], and nanocomposites 
with classical phonon size effects associated with nanostructures [109, 
110]. For composites with fillers in contact with each other, the EMA 
model can be further modified to incorporate the contact resistance 
between fillers [111–113]. 

When kf ≫kh is given for fillers with ultra-high thermal conductiv
ities, Eq. (1) can be approximated as [106]. 

keff

kh
=

1 + 2α + 2ϕ(1 − α)

1 + 2α − ϕ(1 − α)
⋅ (2) 

Equation (2) can be valid for polymers filled with particles possessing 
a significantly higher thermal conductivity than the polymer host. 

Two extreme cases related to RK should be pointed out for Eq. (1). In 

Table 1 
High thermal conductivities of uniaxially and biaxially stretched polymers [31, 
52,69].  

Sample Total draw ratio Thermal conductivity (W/m⋅K) 

Polyethylene 
nanofiber [52] 

400 104/along fiber direction uniaxial 
stretched sample 

Polyethylene film 
[31] 

110 62/along stretching direction 
uniaxial stretched sample 

Polyethylene film 
[69] 

240 61.8/along stretching direction 
uniaxial stretched sample 

Polyethylene film 
[69] 

3.8 × 3.2 for biaxial 
directions  

18.4/in-plane direction biaxial 
stretched sample  
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one case, RK = α = 0 is considered, assuming perfect thermal contacts 
between particle fillers and the host. Equation (1) then degrades into the 
well-known Maxwell formulation [114]: 

keff

kh
=

kf + 2kh + 2ϕ
[
kf − kh

]

kf + 2kh − ϕ
[
kf − kh

] ⋅ (3) 

Another extreme case occurs when α→∞ for small d and large RK. In 
this situation, the nanoparticles function as nanopores and Eq. (1) be
comes the Eucken’s formulation for a bulk material with cubically 
aligned spherical pores [115]: 

keff

kh
=

1 − ϕ
1 + ϕ/2

, (4)  

which yields the minimum keff value for a given ϕ. The Eucken’s 
formulation is widely used for the thermal conductivity predictions of 
porous bulk materials [116,117]. However, a high α should be avoided 
for TIMs or heat spreaders. As one example, the thermal conductivity of 
a ZnS host can be even lowered by the addition of sub-micron size 
particles of diamond though adding large diamond particles can still 
benefit keff [118]. In practice, a relatively large α indicates RK is the 
bottleneck for thermal transport so that further increasing kf may not 
largely benefit keff . 

Following the EMA formula, several studies have reported that the 
improvement of the keff value may be limited by the high thermal 
resistance RK at the filler-host interfaces [119,120]. Such a high RK is 
attributed to the weakly bonded interfaces (e.g., van der Waals inter
action) typically formed between the fillers and the host medium that 
are dissimilar from each other. The bonding studies can also be found 
out in the mechanical studies of these composites [121]. In some papers, 
this interfacial resistance RK is modelled as the acoustic mismatch be
tween the polymer and the filler, and the incomplete wetting on the 
interface by the polymer. In the analysis by Prasher et al. for various 
polymer-based TIMs [13,122], the acoustic mismatch only accounts for 
RK̃10−8 m2 K/W so that the extracted RK ≈ 5 × 10−6 m2 K/W is mainly 
attributed to the incomplete wetting. Other factors, such as molecule 
line-up at the interfaces, are also proposed [123]. On the other side, 
direct measurements [124] and simulations to fit the experimental data 
[125,126] show an interfacial RK of 1 × 10−9 to 1.5 × 10−7m2 K/W 
between nanocarbon materials and various host materials. Depending 
on the fillers and the preparation methods, large divergence in RK is 
anticipated. The part of RK due to acoustic mismatch, as predicted by 
MD simulations [127] and less accurate analytical models [128,129], 
can be viewed as the lower bound in thermal modeling. In practice, the 
improvement of the thermal performance of composites is rather modest 
by merely increasing the filler loading rate, approaching or exceeding 
the percolation threshold. Doing so will not only significantly increase 
the material cost but may also change other important properties of the 
composites such as mechanical, electrical, and optical properties. Thus, 
the enhancement of thermal performance of composite-based TIMs shall 
also consider tailoring the thermal properties of the polymer host and 
engineering the thermal interface between the fillers and the host. 

3.3. Effective medium formula for high- ϕ cases and non-spherical fillers 

In principle, Eq. (1) is only suitable for a low volume fraction ϕ of 
discrete inclusions completely dispersed in a matrix. Typically, ϕ<0.4 is 
required [4]. For a higher ϕ, the self-consistent EMA is more suitable. 
For an isotropic particle-in-a-host system, keff can be solved from [130] 

(1 − ϕ)
kh − keff

kh + 2keff
+ ϕ

kf − keff
(
1 + αkf

/
kh

)

kf + 2keff
(
1 + αkf

/
kh

) = 0⋅ (5) 

At the limit of α = 0, Eq. (5) simply degrades into the self-consistent 
Bruggeman EMA formulation [131]. In addition, the Bruggeman 
asymmetric model is also available for a high ϕ [118]: 

(1 − ϕ)
3

=

(
kh

keff

)(1+2α)/(1−α)[keff − kf (1 − α)

kh − kf (1 − α)

]3/(1−α)

, (6)  

with its simplified form at the limit α = 0 or kf ≫kh. More comparison 
between the Bruggeman asymmetric models and experimental data can 
be found in Prasher et al. [13,122]. 

Other than particle-like fillers considered in Eqs. (1)–(6), EMA for
mula have been developed to compute the enhanced keff for a host 
material with dispersed fibers (nanotubes), laminated flat plates, and 
ellipsoidal particles [105,130,132,133]. Among employed fillers, 
nanocarbon materials have the highest thermal conductivities, e.g., 
graphene with in-plane kf of 2000–4000 W/m⋅K at room temperature 
for fully suspended samples [30,134,135]. However, the ultrasmall 
structure size leads to a higher α. In this case, RK becomes critical to the 
thermal transport. It has also been acknowledged that the alignment of 
fillers with a high aspect ratio can be critical to the keff enhancement. 
Compared with TIMs with randomly oriented nanostructures, aligned 
carbon nanotubes [136–139] or graphene films [140] within a polymer 
host can achieve a much higher keff along the aligned direction. 

3.4. Thermal percolation 

A significantly increased keff can be obtained when an ideal thermal 
conducting network can be formed among embedded nanostructures, 
known as “thermal percolation” [141–144] (Fig. 4 as the case with 
single fillers). The critical filler fraction to induce the network formation 
is called the percolation threshold. Without percolations, the interfacial 
RK between the nanostructures and the polymer host may strongly 
suppress the thermal transport. When a 3D network is formed, heat can 
be largely transferred through the network and the thermal resistance at 
the junctions between joined fillers becomes critical. It should be 
pointed out that the thermal conductivity increase associate with ther
mal percolation is not as remarkable as the electrical conductivity gain 
with the electrical percolation. The threshold ϕ for the thermal and 
electrical percolation may also diverge [144]. One argument is that the 
thermal conductivity contrast between the polymer and the fillers is 
orders of magnitude lower than the electrical conductivity contrast be
tween the electrically insulated polymer and 
high-electrical-conductivity fillers like nanocarbon [144]. In modeling, 
keff = ϕkf /3 is proposed for a composite with percolation [145], which 
significantly overpredicts the keff observed in polymers filled with car
bon nanotubes. This divergence can be attributed to the actual orien
tation of carbon nanotubes and the interfacial thermal resistance 
between the carbon nanotubes and the polymer, and at the junctions 
between carbon nanotubes. In the study by Kargar et al. [144], the 
Lewis-Nielsen model [146,147] is found to be accurate for the data 
analysis 

keff

kh
=

1 + ABϕ
1 − BΨϕ

, (7)  

with the constants A, B, and Ψ given for typical two-phase systems 
[147]. 

In numerous studies, hybrid fillers of 0D to 2D structures are also 
investigated to fill the voids and form a hybrid network consisting of 
different fillers [148–155] or cross-linked double networks [156,157], 
both with synergetic enhancement of the keff . More detailed reviews on 
the use of percolations to improve polymer-based TIMs are available [6, 
123,129]. In addition, 3D graphene or carbon foams [158–160] or 
expanded graphite [161–166] can also be used as fillers to avoid the 
possible aggregation of typical fillers. Table 2 summarizes representa
tive TIMs for their thermal conductivities. 
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3.5. Fundamental studies on RK and pressure influence 

As discussed earlier, the bottleneck for heat transfer in TIMs using 
ultrafine fillers can be the RK values at the filler-polymer interfaces. 
Accurate determination of the thermal interface between dissimilar 
materials is a challenge in the thermal community due to the lack of 

measurement sensitivity of direct experimental characterization. The 
transient absorption (TA) method, based on the ultrafast laser pump and 
probe technique, can probe thermal transport from fillers to the host 
medium with nanometer resolution. There are literature studies 
reporting high-sensitivity measurements of the interfacial thermal 
conductance between nanoparticles suspended in a liquid environment 

Fig. 4. Nanostructure-embedded polymer host (a) without and (b) with a thermally conductive network formed between nanostructures. The random blue curves in 
both figures are polymer chains. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Summary of representative TIMs with various fillers in polymer hosts.  

Filler Matrix Filler Prep. Method Composite Prep. Method Filler % (Percolation) k (W/ 
m⋅K)  

Years 

vGraphite nanoplatelet Epoxy Expanded and sonicated High shear mixing ≈34 wt% (NA) 6.44 2007 
[167] 

Graphene nanoplatelet þ
CNT 

Epoxy Intercalation + exfoliation (GNP); 
electric arc (SWCNT) 

shear mixing +
sonication 

7.5 wt% + 2.5 wt% 1.75 2008 
[152] 

Functionalized exfoliated 
graphite 

Epoxy Silane functionalized High shear mixing 20 wt% (NA) 5.8 2008 
[168] 

Graphene þ CNT Epoxy Methacrylate functionalized High shear mixing 1 wt% (NA) 0.32 2011 
[149] 

Graphene nanosheets Epoxy Pyrene derivatives functionalized High shear mixing 4 wt% (NA) 1.91 2011 
[169] 

Graphene þ Multilayer 
graphene 

Epoxy Sodium cholate functionalized High shear mixing ≈15 wt% (No) 5.1 2012 
[170] 

Graphene nanoplatelet þ
CNT 

Epoxy Thermal exfoliation (GNP); 
MWCNT 

Rotational mixing 20 vol% + 20 vol% 6.31 2012 
[157] 

Graphene þ CNT Epoxy GNP, multiwalled carbon nanotube High shear mixing 50 wt% (Yes) 7.3 2012 
[157] 

Graphene þ Multilayer 
graphene 

Epoxy liquid-phase-exfoliation Ultrasonication +
centrifugation 

10 vol% (No) 5.1 2012 
[17] 

Functionalized graphene 
flakes 

Epoxy Pyrene derivatives functionalized High shear mixing 10 wt% (NA) 1.53 2013 
[171] 

Graphene nanoflake Polytertafluoro- 
ethylene 

- Hot-pressed 
thermoplastic molding 

≈24 wt% (NA) 10 2015 
[172] 

Graphene nanoplatelet Epoxy Silane functionalized Centrifugal mixing 15 vol% (Yes) 12.4 2015 
[173] 

Ultrathin graphite foam þ
CNT 

Erithrytol Chemical vapor deposition Melted into UGF 15.8 vol% (Yes) 4.09 2015 
[174] 

Ag Flake þ CNT Epoxy Ag-nanoparticle-functionalized 
CNT 

High shear mixing 35.8 vol% Ag + 2.3 vol% 
CNT (Yes) 

160 2016 
[175] 

Graphene nanoplatelet Polycarbonate - Melt-mixing 20 wt% (NA) 7.3 2016 
[176] 

Multilayer graphene Epoxy Expanded and sonicated High shear mixing 5.7 wt% (No) 1.5 2016 
[177] 

Expanded graphite Epoxy Expanded via inductively couple 
plasma 

Ultrasonic mixing 20 wt% (NA) 11 2017 
[178] 

Graphene þ Few-layer 
graphene flakes 

Epoxy - High-shear speed mixing 
+ stirring 

45 vol% (Yes) 11 2018 
[124] 

Graphene nanoplatelet Carbon fiber reinforced 
polymer 

- Powder mixing 20 wt% (Yes) 13.70 2018 
[179] 

Graphene nanoplatelet Epoxy - High shear mixing 44 wt% (NA) 8.7 2019 
[180] 

Graphene oxide Epoxy - High shear mixing 6 wt% (Yes) 1.54 2019 
[181]  
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[182–184]. This method can be extended to solid composite systems 
provided the host materials being transparent to the laser wavelength 
(typically ~780 nm) and the filler materials having decent optical ab
sorption. Along this line, the first measurement by Cahill and Keblinski 
suggests RK̃8.3 × 10−8 m2 K/W across the interface between a 
surfactant-coated single-wall carbon nanotube and its surrounding 
water [145], which is comparable to interfacial RK in some polycrystals 
or composites [130,185,186]. 

Keeping the important of RK in mind, tremendous efforts have been 
dedicated to improving the thermal contact between a nano-filler and 
the polymer host. For example, the thermal contact between 2D fillers 
and a polymer can be improved with surface coating [187,188], 
hydrogen-bonded interfaces [189] and functionalized self-assembled 
monolayers [126]. Based on MD simulations, Zhang and Liu have 
demonstrated that poly(vinyl alcohol) (PVA) monolayers with hierar
chically arranged hydrogen bonds drastically enhance the interfacial 
thermal conductance by a factor of 6.22 across the interface between 
graphene and PMMA [189]. Their simulations also suggest that poly
ethylene (PE) self-assembled monolayer functionalized graphene sur
faces can drastically improve the interfacial thermal conduction 
between graphene and the PMMA matrix [126]. However, these simu
lations have not been validated experimentally and can be costly in 
manufacturing processes. In addition, surface functionalization may 
sometimes deteriorate the interface thermal transport, according to MD 
simulations on graphene@polyamide-6.6 nanocomposites with 
surface-grafted chains [190]. In practice, surface coating with MgO 
[187] or Ag nanoparticles [188] may be more feasible and an enhanced 
keff is observed experimentally. In addition, Ag-nanoparticle-anchored 
reduced graphene oxide can also prevent the aggregation of graphene 
fillers in a polymer host [191]. For boron nitride fillers and a polyimide 
host, surface functionalization of these fillers can also reduce RK and 
thus benefit keff of the composite [192]. Despite above successes, 
attention should be paid to the reduced kf of the fillers due to coating or 
surface functionalization [123]. 

In applications, a pressure is often applied to improve the contact 
between the TIM layer and the opposite surfaces to be thermally 
bridged, leading to a reduced RTIM value. In the total thermal resistance 
RTIM = t/kTIM+RC1 + RC2 per unit area, both RC1 and RC2 can be reduced 
because of the increased contact area under an increased pressure P. For 
a given surface roughness σ, Prasher and Matyabus suggest that the 
dimensionless RCkTIM/σ is inversely proportional to P [193]. When a 
high pressure is employed to ensure better thermal contacts, the keff of 
the TIM itself may change and should be calibrated. For long-term ap
plications, the degradation of the TIMs should also be considered, 
particularly for harsh environments [4]. 

4. Summary and perspective 

In summary, continuous progresses have been made on thermally 
conductive polymers and polymer-based composites. Rich physics exists 
in this research field, such as the interfacial thermal transport between a 
polymer and a nanostructure [129]. Challenges exist in reducing the 
polymer-filler RK by modifying the surface of fillers, while suppressing 
the filler aggregation and minimizing the negative effect on the high 
thermal conductivities of the fillers [123]. For large-scale applications, 
the cost and manufacturing efficiency should also be considered. More 
effective methods to tailor the interfacial thermal transport are related 
to a broader field known as “interface engineering” for various device- 
and energy-related applications [1]. With accumulated experimental 
and simulation data, machine learning [194–196] may play an impor
tant role in guiding the materials design. The 
processing-structure-property relationship for polymer-based compos
ites still needs to be better understood to further improve these com
posites for thermal, electrical, and mechanical properties. For the 
critical thermal percolation [6,123], existing knowledge is still very 

limited and a universal picture about the threshold of the thermal 
percolation is still lacking. Open questions remain on how to form a 
more effective heat conduction network with less thermal resistances 
between fillers. Further consideration may also focus on the mechanical 
properties and the modeling of keff above the percolation threshold. At 
the end, the wide applications of materials such as nanocarbon may also 
be hindered by the environmental and safety concerns. In 2020, carbon 
nanotubes have been added to the SIN (Substitute it Now!) list as a 
nanomaterial of very high concern [197]. In addition, more recent ex
periments using non-human primates show that blood exposure of gra
phene oxides may cause anaphylactic death [198]. Toxicological 
evaluation of nanocarbon for large-scale industrial production is critical 
now. Compared with other applications, above-mentioned composites 
have a very small amount of nanocarbon embedded in a polymer host, 
which minimizes the possible exposure of these materials. However, 
more attention should still be paid to the disposal of these composites as 
waste. 

Along another line, the strain-induced crystallization of polymers 
can be further related to the “strain engineering” of materials [1,199, 
200]. A better understanding of the strain-related properties can also 
benefit applications such as flexible electronic devices. From the 
fundamental perspective, developing the next generation of 
heat-conducting polymers with diamond-like thermal conductivity, 
especially semi-crystalline and amorphous polymers, a deep under
standing of the thermal transport mechanisms in polymers is required. 
From the application perspective, polymers with simultaneously high 
thermal conductivities and high melting temperatures are desirable for 
thermal management applications such as polymeric heat exchangers 
and heat spreaders. 

Despite separated discussions for enhanced thermal conductivities 
with electrospinning and added fillers, the two approaches can be 
combined in some cases. For instance, boron nitride nanosheets/poly
vinyl alcohol composite films prepared by electrospinning and subse
quently hot pressing exhibit a parallel-direction keff of 18.630 W/m⋅K, 
which is an 3101.0% and 1437.1% increase compared to those of 
composite films synthesized by ball milling and directional freeze- 
drying, respectively [201]. Here electrospinning can help to better 
disperse and align the thermally conductive fillers. For various appli
cations, the focus should also be on materials properties beyond the 
thermal conductivity, such as electrical insulating properties [202]. 
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