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A B S T R A C T   

Numerous studies have been reported on thermal interface materials based on synergistic hybrid effects, how
ever, most of them contain only fragmentary experimental results and the related model has been rarely pro
posed to explain the effects exactly. Herein, the thermal conductivities of the composites were systematically 
evaluated according to various filler contents and ratios. It was found that the fraction of the secondary filler 
inducing the maximum synergistic effect decreased as the total filler content increased. In addition, when the 
fraction was higher than the optimum fraction, the anti-synergistic effect occurred. At the optimum fraction, 
effective phonon transfer was induced due to the improved filler network formation of graphene nanoplatelet 
(GNP)-carbon nanotube (CNT), thereby achieving high thermal conductivity of 7.69 W/m⋅K at fGNP = 27.69 vol% 
and fCNT = 0.57 vol%. Moreover, the Kim-Jang-Lee (KJL) model for the synergistic effect was proposed by 
introducing filler-ratio variables into the critical percolation equation reported previously, and the KJL model for 
the anti-synergistic effect was proposed based on the rule of mixture of composites filled with the optimal 
connected filler network and filled with the excessive secondary filler.   

1. Introduction 

Implementing the excellent conductive properties of carbon nano
tube (CNT, electrical conductivity of 103–105 S/cm and thermal con
ductivity of 3000 W/m⋅K) [1–4] and graphene (electron mobility of 200, 
000 cm2/V⋅s and thermal conductivity of 3000–5150 W/m⋅K) [5–7] into 
applied products through a low-cost process is one of the most important 
issues in nano-engineering science. Numerous studies related to polymer 
nanocomposites have been conducted because of the combined advan
tage of not only being able to fabricate handable intermediate materials 
but also providing excellent conductivity of nanocarbons to polymer 
materials exhibiting insulating properties [8–12]. It had been reported 
that the electrical conductivity of polymer nanocomposite showed an 
innovative increase with the introduction of the nanocarbon fillers, 
while the improvement of the thermal conductivity showed a relatively 
slight and linear increase. It is well established that the electrical con
ductivity of nanocarbon composites is improved based on the percola
tion theory including electron tunneling effects. On the other hand, the 

thermal conductivity of nanocarbon composites is known to be based on 
phonon transfer governed by interfacial thermal resistance (ITR) be
tween nanocarbon and polymer matrix, and contact thermal resistance 
(CTR) between nanocarbon fillers. However, the thermal conduction 
mechanism of the nanocarbon composite material has an issue that has 
not yet been clearly identified compared to the electrical conduction 
mechanism. 

Important discoveries regarding the thermal conductivity of nano- 
based composites have been reported until recently [11–13]. When 
nanofillers are incorporated into the polymer matrix, the interfacial 
portion increases due to the large specific surface area of the filler. This 
results in high ITR owing to scattering of phonons by lattice mismatches 
of dissimilar materials [14–16]. As a result, thermal conductivities near 
the lower boundary of the rule of mixture (ROM) have been reported 
mostly [14]. To obtain a higher thermal conductivity, some studies 
attempted to connect the fillers inside the highly loaded nanocomposite 
material, and reported thermal percolation behavior [17,18]. However, 
this method is only applicable to certain highly loaded nanocomposites. 
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Alternatively, a hybrid technique was proposed in which a 
one-dimensional (1D) filler as a secondary filler was incorporated to 
form a heat conduction network [19,20]. The added 1D nanofillers 
formed the connected filler network, converting the heat conduction 
mechanism dominated by ITR (8 × 10− 8 to 2 × 10− 7 m2K/W) to that 
dominated by CTR (~3.05 × 10− 9 m2K/W) [21,22]. Numerous studies 
[15,19,23] have previously reported an enhancement in thermal con
ductivity of composite materials, based on a synergistic effect in hybrid 
filler systems, however, most of them reported fragmentary experi
mental results on hybrid effects. Yu et al. [19] experimentally investi
gated the content and ratio of a hybrid filler system comprised of 
graphene nanoplatelet (GNP) and CNT. A synergistic increase in thermal 
conductivity at low filler loadings was reported, and the nano-bridges of 
1D CNTs formed between two-dimensional (2D) GNPs caused the syn
ergistic increase in the thermal conductivity of composites with het
erogeneous fillers. They also reported for the first time an 
anti-synergistic effect on the reduction of the thermal conductivity at 
high filler loadings. However, the optimal filler content and ratio, and 
the reason for the generation of the anti-synergistic effect have not been 
clearly identified. 

This study deals with the following issues that have not been clearly 
addressed in the thermal conductivity of polymer nanocomposites 
incorporating 1D and 2D fillers. i) Although many studies have reported 
the simple observations that the thermal conductivity of composite 
materials increases synergistically based on a hybrid filler system, the 
synergistic effect and behavior have not been fully understood due to the 
lack of systematic experimental results. ii) The anti-synergistic effect 
reported previously [19] has not been clearly identified. iii) It is 
necessary to propose a theoretical model that can explain these syner
gistic and anti-synergistic effects of polymer composites incorporating 
hybrid fillers. In order to solve these issues, the thermal conductivity of 
the nanocomposite containing multi-walled CNT (MWCNT) and GNP in 
various ratios (MWCNT to GNP volume ratio of 0–1) up to 37.14 vol% 
was systematically analyzed. The synergistic increase based on the 
nano-bridge effect as well as the mechanism of the anti-synergistic ef
fect, in the thermal conductivity, was identified. In addition, the 
Kim-Jang-Lee (KJL) model that can explain the synergistic improvement 
considering the nano-bridge effect, and anti-synergistic effect was 
proposed. 

2. Experimental 

2.1. Materials 

2D GNP (M25, XG Science Co., Lansing, MI, USA) with the lateral 
size of 25 μm and the thickness of 5–10 nm [24], was applied as the 
primary filler for improving the thermal conductivity of the composites 
as shown in Fig. S1a. MWCNT (Jenotube 8, JEIO Co., Incheon, Korea) 
was adopted as the secondary filler with the bundle length of 100–200 
μm and the single strand thickness of 7–10 nm as shown in Figs. S1b and 
c [25]. The cyclic butylene terephthalate (CBT, CBT 160, Cyclics Co., 
Schenectady, NY, USA) oligomer resin was used as the matrix. 

2.2. Fabrication 

As shown in Fig. S2, GNP and MWCNT dried at 80 ◦C for 12 h were 
powder-mixed with milled CBT at 2000 rpm for 4 min and then the 
mixture was transferred to a metallic mold (25 mm × 25 mm × 2 mm) 
[26]. The CBT matrix of the mixture was in situ polymerized for 20 min 
at 230 ◦C and 15 MPa using a hot-press (Dae Heung Science Co., 
Incheon, Korea). During the process, CBT of low molecular weight (Mw 
= 220 × n g/mol) composed of butyl monomers (n = 2–7) melted above 
130 ◦C, and the nanocarbon fillers could be well-dispersed due to its low 
viscosity (~0.02 pa⋅s) [25,26]. At temperature above 160 ◦C, CBT could 
be ring-opening polymerized by a tin-based catalyst (butyltin chloride 
dihydroxide, FASCAT 4101, Arkema GmbH, Düsseldorf, Germany) of 3 

mol‰ and exhibited a molecular structure similar to that of linear poly 
(butylene terephthalate) (PBT). The compositions of the fabricated 
nanocomposites are listed in Table 1. 

2.3. Characterization 

Fourier transform infrared (FT-IR) spectroscopy, Raman spectros
copy and X-ray photoelectron spectroscopy (XPS) results of GNP and 

Table 1 
Compositions of the fabricated composites.  

Sample Matrix 
content 
(vol%) 

Filler 
content 
(vol%) 

GNP 
content 
(vol%) 

MWCNT 
content 
(vol%) 

MWCNT to 
GNP vol. 
ratio (ψ)  

pCBT 100 – – – – 
pCBT/GNP 93.84 6.16 6.16 – 0 

90.56 9.44 9.44 – 0 
79.79 20.21 20.21 – 0 
71.74 28.26 28.26 – 0 
65.00 35.00 35.00 – 0 
62.86 37.14 37.14 – 0 

pCBT/ 
MWCNT 

93.84 6.16 – 6.16 1 
90.56 9.44 – 9.44 1 
79.79 20.21 – 20.21 1 
71.74 28.26 – 28.26 1 
62.86 37.14 – 37.14 1 

pCBT/GNP/ 
MWCNT 

93.84 6.16 6.10 0.06 0.01 
6.04 0.12 0.02 
5.85 0.31 0.05 
5.54 0.62 0.1 
4.93 1.23 0.2 
3.70 2.46 0.4 
2.46 3.70 0.6 
1.23 4.93 0.8 

90.56 9.44 9.35 0.09 0.01 
9.25 0.19 0.02 
8.97 0.47 0.05 
8.78 0.66 0.07 
8.50 0.94 0.1 
7.55 1.89 0.2 
5.66 3.78 0.4 
3.78 5.66 0.6 
1.89 7.55 0.8 

79.79 20.21 20.01 0.20 0.01 
19.81 0.40 0.02 
19.20 1.01 0.05 
18.19 2.02 0.1 
16.17 4.04 0.2 
12.13 8.08 0.4 
8.08 12.13 0.6 
4.04 16.17 0.8 

71.74 28.26 27.98 0.28 0.01 
27.69 0.57 0.02 
26.85 1.41 0.05 
25.43 2.83 0.1 
22.61 5.65 0.2 
16.96 11.30 0.4 
11.30 16.96 0.6 
5.65 22.61 0.8 

62.86 37.14 37.10 0.04 0.001 
36.95 0.19 0.005 
36.77 0.37 0.01 
36.40 0.74 0.02 
35.28 1.86 0.05 
33.43 3.71 0.1 
29.71 7.43 0.2 
22.28 14.86 0.4 
14.86 22.28 0.6 
7.43 29.71 0.8 

apCBT/GNP/ 
MWCNT 
(MWCNT 
add.) 

62.83 37.17 37.14 0.03 0.001 
62.67 37.33 37.14 0.19 0.005 
62.49 37.51 37.14 0.37 0.01  

a MWCNT add. indicated the small amounts of MWCNT added to the pCBT/ 
GNP 37.14 vol% composite. 
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MWCNT are shown in Figs. S1d–f and the defect levels of GNP and 
MWCNT were 0.28 and 1.38, respectively (supporting characterization 
in Section S1.1 of Supplementary data). The isotropic thermal conduc
tivity of the prepared samples (25 mm × 25 mm × 2 mm) was measured 
according to the ISO 22007-2 standard using a thermal conductivity 
analyzer (TPS 2500 S, Hot disk AB, Gothenburg, Sweden). To investigate 
internal structures inside the fabricated specimens, the composite sam
ples were fractured after freezing in liquid nitrogen. the fractured sur
faces of the composites were observed under a voltage of 10 kV using a 
field emission scanning electron microscope (FE-SEM, SUPRA 40 VP, 
Carl Zeiss, Oberkochen, Germany) after they were coated with Pt for 
100 s under vacuum by a coating machine (EM ACE 200, Leica Micro
systems, Wetzar, Germany). In addition, high-magnification fracture 
surface analysis was performed using an aberration-corrected scanning 
transmission electron microscopy (STEM, JEM-ARM200F, JEOL, Tokyo, 
Japan). The specimens were milled using a focused (Ga) ion beam (FIB, 
JIB-4601F, JEOL, Tokyo, Japan), and then they were placed on a grid 
and observed at a voltage of 80 kV. Non-destructive three-dimensional 
(3D) analysis was performed via micro-computed tomography (μ-CT, 
Skyscan 1172, Bruker Co., Billerica, MA, USA) to obtain the topological 
images in a wide-area (~1 mm3) of the specimen. The raw images ob
tained by radiation of X-rays (10 kV) were reconstructed into 2D images, 
and then the 2D images were integrated into a 3D image using a soft
ware. Thermal images for practical thermal interface materials (TIMs) 
application were obtained using an infrared (IR) thermal camera (FLIR- 
T62101, FLIR Systems Inc., Wilsonville, OR, USA) with a resolution of 
0.02 K. The temperature of the prepared specimen was measured at 5 s 
after placing on a central processing unit (CPU) (97 ◦C) of a powered 
personal computer at an atmospheric temperature of 24 ◦C (additional 

characterizations in Section S1.2-1.3 of Supplementary data). 

3. Results and discussion 

To systematically obtain experimental results, the fillers should be 
uniformly dispersed over the evaluated filler loading. In the present 
study, the solvent-free melting process proposed in the previous study 
was applied [26], as shown in Fig. S2. By using the applied method, the 
fillers were easily mixed even at high contents (~37.14 vol%) because of 
the low melt-viscosity (~0.02 Pa s) of the CBT oligomer resin. Further, 
the fillers could be uniformly dispersed by physical mixing at a 
high-speed rotation (2000 rpm) and by the in situ polymerization of 
oligomer resin [26,27]. Under ambient atmosphere with a relative hu
midity of 60% and at temperature above 160 ◦C, CBT molecules are 
ring-opening polymerized to become the polymerized CBT (pCBT) 
similar to that of linear PBT. pCBT exhibits a tensile strength of 57 MPa 
[28]. Additional results and discussion on the polymerization of the CBT 
matrix are provided in Section S2 and Fig. S3 of Supplementary data [25, 
29]. 

3.1. Thermal percolation behavior 

The thermal conductivity of the prepared composite is shown in 
Fig. 1. As shown in Fig. 1a, when the GNP composition was 28.26 vol%, 
the thermal conductivity increased by 2275% (4.75 W/m⋅K), compared 
to that of the control group (0.2 W/m⋅K, the thermal conductivity of 
pCBT). The thermal conductivities calculated based on Nan’s equation 
(see Section S3.1 of Supplementary data) were in accordance with the 
experimental results [30], showing the typical linear trend. Nan’s model 

Fig. 1. Thermal conductivity of composites incorporated with (a) primary filler (GNP) according to volume fraction (vol%) (inset image: schematic of nano-bridges 
of GNPs), (b) GNP/MWCNT heterogeneous fillers according to MWCNT ratio (ψ) (inset image: thermal conductivity according to ψ in the range of 0–0.2), (c) GNP/ 
MWCNT according to MWCNT ratio (ψ) (0 < ψ < ψM) (inset image: schematic of nano-bridges of GNPs-MWCNTs), and (d) GNP/MWCNT according to MWCNT ratio 
(ψ) ( ψ > ψM) (inset image: schematic of anti-synergistic effect). 
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assumes random filler dispersion of the composite, implying that the 
incorporated GNP particles were uniformly dispersed and mixed in an 
uncontacted form. However, the composite with 37.14 vol% GNP 
exhibited a remarkable enhancement in the thermal conductivity (7.76 
W/m⋅K, which increased by 3780% compared to that of the control), 
which occurred at a much higher level than the theoretical value from 
Nan’s equation. This could be explained by the thermal percolation 
generated by direct contacts between the fillers [17,18]. Such remark
able enhancement was well explained by the critical percolation equa
tion (see Section S3.2 of Supplementary data) with a critical exponent of 
0.84 [17,18,31]. Table 2 summarizes the thermal conductivities of 
composites with graphene-based fillers reported in previous studies [19, 
23,32–49], and we achieved 7.76 W/m⋅K (the best result to the best of 
our knowledge), which meant it increased by 3780% in comparison with 
the polymer’s thermal conductivity. Therefore, the thermal conductivity 
of the composite filled with the primary filler increased linearly with the 
GNP content, when direct contacts between the fillers occurred (sche
matic of Fig. 1a), the thermal conductivity rapidly increased due to the 
formation of nano-bridges within the composite. 

To explain further the thermal percolation behavior due to direct 
contacts between GNP fillers, the morphological images of the fabri
cated pCBT/GNP composites are shown in Fig. 2a–d. Connected GNP 
fillers were rarely observed in the composite with 28.26 vol% GNP, 
while nano-bridges, the connected structures of GNP fillers, were clearly 
found in the composite with 37.14 vol% GNP. Furthermore, it was 
double-checked that the connected filler structure in the composite with 
28.26 vol% GNP hardly occurred, as shown in the non-destructive in
ternal observation (Fig. 2e and f) using μ-CT. However, at 37.14 vol% 
GNP, nano-bridges between the connected fillers were clearly observed 
(Fig. 2g and h) (see Supplementary video), which were consistent with 
the morphological results. Therefore, the thermal conductivity of com
posites with the connected filler network formed by nano-bridges 
remarkably increased by switching the high level of phonon scattering 
based on the ITR between the matrix and fillers to the relatively low 

level of that based on the CTR between the connected fillers. 

3.2. Synergistic and anti-synergistic effects 

The thermal conductivities of the pCBT/GNP/MWCNT composites in 
terms of filler loading and secondary filler ratio (ψ) are shown in Fig. 1b. 
The thermal conductivity of the composite for each filler content 
increased to a certain ratio (ψM, MWCNT ratio at maximum enhance
ment of the thermal conductivity for each filler content) and then 
decreased as ψ increased (ψ>ψM). The synergistic and anti-synergistic 
behaviors were clearly confirmed at filler contents in the range of 
9.44–28.26 vol% as shown in the inset image of Fig. 1b. It was confirmed 
that ψM representing the maximum thermal conductivity of the com
posite was different for each filler content. The enhanced thermal con
ductivities of the pCBT/GNP/MWCNT composites of 4.76 
(enhancement ≈ 55%, ψM = 0.06), 7.25 (≈72% ψM = 0.05) and 7.69 W/ 
m⋅K (≈62%, ψM = 0.02) were observed, compared to those of the pCBT/ 
GNP composites of 3.07, 4.22 and 4.76 W/m⋅K at filler contents of 9.44, 
20.21 and 28.26 vol%, respectively. These results indicated that the 
nano-bridges were optimized at ψM for phonon transfer. As the total 
filler content increased, the optimum ratio (ψM) related to the switching 
between the synergistic and anti-synergistic effects decreased. 

In the synergistic enhancement behavior, the secondary 1D filler 
acted as the nano-bridge connecting the primary 2D fillers (schematic of 
Fig. 1c). This resulted in the switch of the thermal conduction mecha
nism from the system governed by the ITR between filler-resin to that 
governed by the CTR based on a connected hybrid filler network [21, 
22]. Table 3 summarizes thermal conductivities of composites with 
graphene-CNT hybrid fillers reported in previous studies [19,33–35,39, 
45,46,48–51], which revealed the synergistic effect. In the high-loading 
composite with GNP and MWCNT fractions of 27.69 and 0.57 vol%, we 
achieved 7.69 W/m⋅K (the best result to the best of our knowledge), 
which meant it increased by 3745% in comparison with the polymer’s 
thermal conductivity. In contrast, the anti-synergistic effect, defined as a 
decrease in thermal conductivity as ψ increased (ψ > ψM), was origi
nated from the incorporation of an additional secondary filler after the 
primary (GNP)-secondary (MWCNT) connection structure was formed at 
ψM (shown in schematic of Fig. 1d). This indicated that the 
anti-synergistic effect was caused by the increase of the ITR due to an 
excessive 1D filler which could not act as the nano-bridge. 

Fig. 3a–d and Figs. S4a–h show the morphological images of pCBT/ 
GNP/MWCNT composites with filler content at the optimal thermal 
conductivities, explaining the presence of nano-bridges between the 
GNP and MWCNT fillers. Connected GNP-MWCNT network was clearly 
observed, indicating that the secondary filler could promote phonon 
transfer via nano-bridge formation. In particular, as shown in Fig. 3d, 
MWCNTs overlaid on the GNPs were observed using STEM at a high 
magnification of the fracture sheet of the pCBT/GNP/MWCNT com
posite (28.26 vol%, ψ = 0.02). It was confirmed that the formed bridges 
were nanoscale. 3D internal structure of a large-area composite (~1 
mm3) analyzed using μ-CT is shown in Fig. 3e–h, Figs. S4i and j. Despite 
the same filler loading (28.26 vol%), MWCNT bridges (red color) formed 
better between GNPs (blue color) when the MWCNT ratio (ψ) was 0.02 
(see Supplementary video) and the excessive MWCNT fillers were 
confirmed when the MWCNT ratio (ψ) was 0.10. Therefore, it was 
confirmed that the incorporation of the secondary filler exceeding the 
optimum ratio (ψM) could not play a role in the nano-bridge, resulting in 
the anti-synergistic effect on the thermal conductivity. 

In the case based on the composite containing 37.14 vol% GNP (the 
thermal conductivity of 7.76 W/m⋅K), thermal conductivities 
(1.65–3.34 W/m⋅K) of the composites in which some GNP contents were 
substituted for the secondary MWCNT fillers were considerably reduced 
as shown in the inset image of Fig. 1b. In particular, for the composites in 
which the secondary filler was additionally incorporated, the thermal 
conductivities (1.60–2.13 W/m⋅K) also decreased rapidly (MWCNT add. 
of inset image in Fig. 1b). These results indicated that the connected 

Table 2 
Thermal conductivity of composites with graphene-based fillers.  

Filler 
type 

Thermal 
conductivity (W/ 
m⋅K) 

Enhancement 
(%) 

Loading Matrix Ref. 

GNP 7.76 3780 37.14 
vol% 

pCBT This 
work 

GNP ~7.00 ~3400 40 wt% Epoxy [23] 
GNP ~7.00 ~3383 40 wt% Epoxy [19] 
GNP 6.44 3104 25 vol% Epoxy [32] 
GNP ~6.00 ~2900 50 vol% Epoxy [33] 
EGa) ~2.70 ~514 ~25 wt 

% 
HDPEb) [34] 

GNP 1.64 613 20 wt% PVDFc) [35] 
GNP 1.61 455 4 wt% PEGd) [36] 
GNP 0.97 223 5 wt% PVDF/ 

PMMAe) 
[37] 

GNP 0.72 240 2.7 vol% Epoxy [38] 
GNP 0.70 37 1.3 vol% TATBf) [39] 
MGFg) 0.60 200 2.7 vol% PDMSh) [40] 
GNP 0.60 95 1 wt% PEG [41] 
GNP 0.52 49 0.5 wt% EPOi) [42] 
GNP 0.50 200 8 wt% Epoxy [43] 
GNP ~0.47 ~115 5 wt% Epoxy [44] 
GNP 0.36 80 4 wt% PDMS [45] 
RGOj) 0.30 50 1 wt% PPk) [46] 
GOl) 0.29 32 10 wt% PVDF [47] 
GNP ~0.27 ~22 0.5 wt% PEIm) [48] 
GNP 0.16 24 1.0 wt% Epoxy [49] 

a)Expanded graphite; b)High density polyethylene; c)Poly (vinylidene flouride); 
d)Polyethylene glycol; e)Poly (methyl methacrylate); f)1,3,5-triamino-2,4,6-tri
nitrobenzene; g)multylayer graphene flake; h)polydimethylsiloxane; i)Expanded 
perlite; j)Reduced graphene oxide; k)Polypropylene; l)Graphene oxide; 
m)Polyetherimide. 
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GNP network was the optimal structure for improving the thermal 
conductivity of the composites. When the secondary filler replaced some 
content of the primary filler, the reduced thermal conductivity could be 
explained by the increased CTR due to the reduced contact area between 
the fillers (from GNP-GNP to GNP-MWCNT). In the case where the 
secondary filler was further added, the incorporated MWCNTs acted as 
the excessive secondary filler, inducing extra MWCNT-polymer ITR. 

3.3. Nano-bridge effect 

This study reported the synergistic and anti-synergistic thermal 

conductivity enhancement behaviors that could not be simulated by the 
Nan’s and percolation equations previously developed based on the 
conventional material physics. In addition, few theories that could 
explain these behaviors have been reported. Therefore, a new model was 
suggested to theoretically explain the hybrid effects. 

3.3.1. KJL model for the synergistic hybrid effect 
The theoretical prediction based on the synergistic effect of nano- 

bridges was applied via modification of the previous percolation equa
tion (Eqn. S(4) of Section S2). The term TCm × (1 − φG) was converted to 
TCN calculated based on Nan’s model, and the terms φG and φc were 

Fig. 2. FE-SEM images of composites with (a) 28.26 vol% GNP and (b) 37.14 vol% GNP. STEM images of composites with (c) 28.26 vol% GNP and (d) 37.14 vol% 
GNP. μ-CT images of composites filled with 28.26 vol% GNP in (e) low magnification and (f) high magnification, and 37.14 vol% GNP in (g) low magnification and 
(h) high magnification. 
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replaced with ψ (MWCNT ratio, φMWCNT
φ ) and ψc, respectively, because the 

synergistic effect was due to the connection of the filler structure as the 
primary filler switched to the secondary filler. Upon substitution of the 
modified terms, the thermal conductivity based on the nano-bridge ef
fect is expressed as follows: 

TCKJL = TCN +TCi ×

(
ψ − ψc

1 − ψc

)s

(ψ <ψM) (1) 

In addition, the critical filler ratio variable (ψc) was assumed to be 
0 because the introduction of the secondary filler improved the filler 
connection structure and synergistic thermal conductivity until opti
mum ratio (ψM) was achieved. 

TCKJL = TCN +TCi × (ψ)s
(ψ <ψM) (2)  

where TCi and s were the pre-exponential factor (40 W/m⋅K) and critical 
exponent (0.8), respectively. The thermal conductivity of the composite 
according to the change of parameters (TCi of 30–70 and s of 0.7–0.9) is 
shown in Fig. S5. The results of the suggested model and the experi
mental values for the thermal conductivity are shown in Fig. 1c. It was 
confirmed that those results were in good agreement, indicating that the 
secondary filler ratio (ψ) is the most important and effective parameter 
in determing the synergistic effect and thermal conductivitiy at the re
gion (0 < ψ < ψM). 

3.3.2. KJL model for anti-synergistic hybrid effect 
The anti-synergistic effect was caused by the generation of a region 

that contained only excessive secondary filler, in addition to the optimal 
connected structure of the primary and secondary hybrid filler systems 
as shown in Fig. 1d. Therefore, it was explained by the ROM of com
posites filled with only the connected filler network and excessive sec
ondary filler (the typical ROM in Section S3.3 of Supplementary data). 
The modified ROM (KJL model for anti-synergistic hybrid effect) was 
suggested upon conversion of the parameters of filler content to those of 
the MWCNT ratio (ψ). The upper and lower models are suggested as 
follows: 

TCKJL =

⎡

⎢
⎢
⎣

1− ψ
1− ψM

TCM
+

ψ − ψM
1− ψM

TCMWCNT

⎤

⎥
⎥
⎦

− 1

(lower ​ boundary) (3)  

TCKJL =

(
1 − ψ

1 − ψM

)

×TCM +

(
ψ − ψM

1 − ψM

)

× TCMWCNT (upper boundary) (ψ >ψM) (4)  

where TCMWCNT is thermal conductivity of the pCBT/MWCNT composite 
(ψ = 1) and TCM is thermal conductivity of pCBT/GNP/MWCNT at ψM. 
As shown in Fig. 1d, the results of the suggested model agreed well with 
the experimental results. Interestingly, as observed in the conventional 
ROM [14,52], in this study, when the total filler content of the com
posite was low (9.44 vol%), the thermal conductivity result was close to 
the upper boundary, and in the opposite cases (20.21 and 28.26 vol%), 
the thermal conductivity was close to the lower boundary. The sug
gested model describing the synergistic and anti-synergistic effects was 
named the KJL model. This was the core model to explain the 
nano-bridge effect analyzed and suggested in this study. 

3.4. Application 

To confirm the heat dissipation characteristics of the fabricated 
composites as TIMs, thermal images were obtained using an IR camera 
as shown in Fig. 4. The pCBT specimen (Fig. 4c) placed on the 97 ◦C CPU 
showed the lowest heat dissipation due to the thermal conductivity of 
0.2 W/m⋅K. Thermal images of the composites incorporating simulta
neously GNP and MWCNT at the contents of 9.44 vol%, 20.21 vol% and 
28.26 vol% (Fig. 4d–i) were observed, and a trend was confirmed to 
coincide with the measured thermal conductivity according to the 
fraction of the secondary filler (ψ). In addition, in the thermal image of 
the composite incorporating GNP of 37.14 vol% (Fig. 4j), it was 
observed that the heat dissipation performance improved due to direct 
contact between the fillers by showing the specimen temperature 7 ◦C 
higher than 28.26 vol% (Fig. 4g). When an additional secondary filler 
was incorporated in the composite in which the primary filler was mixed 
at the maximum (Fig. 4h), the reduced heat dissipation performance was 
confirmed due to the increase of the ITR. It was observed that the 
temperatures of the specimens on CPU where rapid heat dissipation was 
required were well accorded with trends of the experimental and theo
retical thermal conductivity results. Therefore, it was implied that the 
optimization of the 3D nano-bridges was an important physical factor 
for the TIM and the developed KJL model could be applied to practical 
TIM material design where high thermal conductivity was required. 

Table 3 
Thermal conductivity of composites with graphene-CNT hybrid fillers.  

Filler type Thermal conductivity (W/ 
m⋅K) 

Enhancement (vs. matrix, 
%) 

Enhancement (vs. single 
filler, %) 

Loading (Graphene +
CNT) 

Matrix Ref. 

GNP/MWCNT 7.69 3745 62 28.26 (27.69 + 0.57) 
vol% 

pCBT This 
work 

7.25 3525 72 20.21 (19.20 + 1.01) 
vol% 

GNP/MWCNT (GO→GNP, acid 
treatment) 

~7.30 ~3550 ~21 50 (25 + 25) vol% Epoxy [33] 

GNP/SWCNTa) ~5.00 ~2388 ~ − 28 40 (30 + 10) wt% Epoxy [19] 
3.35 1567 ~20 20 (15 + 5) wt% 

GO/MWCNT (acid treatment) ~4.40 2100 ~44 ~50.36 (50 + 0.36) wt 
% 

Epoxy [50] 

EG/MWCNT (heat treatment, 
350 ◦C) 

~3.50 ~695 ~59 25 (20 + 5) wt% HDPE [34] 

GNP/MWCNT 1.92 735 17 20 (20 + 2) wt% PVDF [35] 
GNP/MWCNT 1.41 176 104 1.31 (1.179 + 0.131) 

vol% 
TATB [39] 

GNP/MWCNT 1.39 479 23 20 (18 + 2) wt% PCb) [51] 
GNP/MWCNT 0.39 95 9 4 (3 + 1) wt% PDMS [45] 
RGO/MWCNT 0.35 75 14 1 (0.5 + 0.5) wt% PP [46] 
GNP/MWCNT 0.32 147 24 1.0 (0.9 + 0.1) wt% Epoxy [49] 
GNP/MWCNT ~0.33 ~50 22 0.5 (0.25 + 0.25) wt% PEI [48]  

a) Single-walled CNT. 
b) Polycarbonate. 
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4. Conclusion 

In many previous studies, fragmentary experimental results have 
been reported for the synergistic increase in thermal conductivity of 
composites with hybrid filler systems. In this study, it was found that the 
proportion of the secondary filler inducing the maximum synergistic 
effect lowered as the total filler content increased, and the anti- 
synergistic effect occurred above the optimum fraction. Based on the 
nano-bridge effect caused by nano-sized connections between fillers, 
high thermal conductivities of 7.76 and 7.69 W/m⋅K were achieved for 
pCBT composites with 37.14 vol% GNP and with the binary fillers of 
GNP 27.69 vol% and MWCNT 0.57 vol%, respectively. In addition, 
because it was confirmed that the synergistic increase in the thermal 
conductivity was due to the connected filler network, the KJL model for 
the synergistic effect was suggested by introducing filler ratio variables 
in the critical percolation model. The anti-synergistic effect was 

attributed to the extra-addition of secondary filler after the optimal 
construction of the connected filler network. The KJL model for the anti- 
synergistic effect was also suggested by the modified ROM of the com
posites with the optimal connected filler network and with the excessive 
secondary filler. The nano-bridge effect and the suggested KJL model are 
expected to provide insights into the development of next-generation 
TIMs. 
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Fig. 3. FE-SEM images of pCBT/GNP/MWCNT 
composites with (a) 9.44 vol% GNP/MWCNT (ψ =

0.1), (b) 20.21 vol% GNP/MWCNT (ψ = 0.05), and 
(c) 28.26 vol% GNP/MWCNT (ψ = 0.02). (d) STEM 
image of composite incorporated with 28.26 vol% 
GNP/MWCNT (ψ = 0.02). μ-CT images of compos
ites filled with 28.26 vol% GNP/MWCNT (ψ =

0.02), in (e) low magnification and (f) high 
magnification, and (ψ = 0.10), in (g) low magnifi
cation and (h) high magnification (In μ-CT images 
for hybrid composites, blue and red colors represent 
GNPs and MWCNTs, respectively). (For interpreta
tion of the references to color in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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