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A B S T R A C T 

Self-construct of filler network was developed to enhance the thermal conductivity of 

epoxy based composites. The selective distribution of hexagonal boron nitride (hBN) 

particles in epoxy/PES blends and enhanced dispersion of hBN were successfully 

obtained by reaction-induced phase separation (RIPS) and three-roll milling (TRM), 
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respectively. The agglomeration of hBN particles in epoxy composite was significantly 

decreased by three-roll milling, and this was also supported by micromechanics theory, 

resulting in the construction of the highly efficient filler network. Compared with 

conventional epoxy/hBN composites and epoxy/PES/hBN composites prepared by 

mechanical stirring, the epoxy/PES/hBN composites fabricated by three-roll milling 

showed a great enhancement in thermal conduction and impact strength. The thermal 

conductivities of the epoxy/PES/hBN composites fabricated by three-roll milling 

reached 0.52 W/mK at a loading of 10 wt% hBN, which is almost 2.6 times that of the 

neat epoxy, 40.5% and 26.8% higher than that of epoxy/hBN composites and 

epoxy/PES/hBN composites without three-roll milling, respectively. Furthermore, the 

micron-size hBN has a greater advantage for thermal transfer in comparison with boron 

nitride nanosheets (BNNS). This study provides a readily scalable production method 

which allows for exfoliation of BN fillers as well as in situ construction of filler 

networks in thermosetting resin with an environmental friendly route. 

 

Key words: Epoxy composites; Boron nitride; Thermal conductivity 

1. Introduction 

The upgrade and update of electronic components and large electrical equipment 

have put higher demands on the reliability of thermally conductive and insulating 

materials [1-3]. Stability and lifetime of energy systems such as solar power and 
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light-emitting diodes (LEDs) have been significantly affected by thermal and insulating 

properties of materials [4, 5]. Polymers have received widespread attention because of 

the wonderful processability and excellent dielectric property (such as epoxy resins), but 

most polymers exhibit lower thermal transfer capabilities (about 0.1-0.5 W/mK) [6, 7]. 

Most ceramic fillers have been added to achieve high thermal conductivity and 

electrical insulation in polymer composites, such as aluminum nitride [8], hexagonal 

boron nitride [9-12], silicon carbide [13], etc., which have been used for realizing high 

thermal conductivity enhancement in composites. 

Addition of a large amount of fillers to the polymer matrix can greatly enhance the 

thermal conductive performance of composites. However, high viscosity and 

deteriorated mechanical property limit the production and processing of composites [14]. 

The construction of a continuous thermally conductive pathway to improve the 

utilization of fillers has become an essential issue in the preparation of high thermal 

conductivity composites [15, 16]. One method is to build a three-dimensional 

interconnect filler network to obtain high thermal conductive composites at a low filler 

loading [17]. However, complicated processes of the method have limited applications 

in large-scale fabrication. Another approach is to construct segregated architecture, 

fillers with high thermal conductivity are located at the interfaces of polymer granules, 

forming a dense thermal conductive network by hot pressing [18]. The application in the 

commercial field is still limited in spite of the simple compression molding process, and 

it only fits for thermoplastic polymer composites. The selective distribution of fillers 
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could also form continuous thermal conductive paths in two immiscible polymer blends 

[19]. The strategy has received more attention in thermoplastic/thermoplastic systems, 

which also been applied in electrically conductive composites [20]. In the 

thermoplastic/thermosetting resin system, thermal conductive network can be designed 

by reaction-induced phase separation (RIPS), and phase structure of final blends is 

mainly related to the content of thermoplastic matrix [21]. A suitable phase structure of 

polymer blends could be formed to function as a carrier for fillers to construct a 

continuous filler network structure, which could achieve thermal conductive paths at 

low filler loading. However, the efficiency of the formation of filler network still need 

to be improved. 

Hexagonal boron nitride (hBN) has a wide band gap (5-6eV), which makes it have 

high electrical resistivity and low dielectric constant [22]. It also has a high thermal 

conductivity [23]. The lattice structure of a hBN monolayer is similar to graphene，and 

the properties of composites may be affected owing to the stacking and agglomeration 

of hBN particles [24]. A small amount of boron nitride flakes can be obtained by 

sonication in water or organic solvent [25], but the low yield of hBN flakes and high 

cost of organic solvents have limited the application in mass production. In addition, the 

functionalization of hBN reduces the interaction between the layers, which can obtain a 

certain amount of few-layer hBN [26]. With the aid of molten hydroxide, the insertion 

of cations (Na+ or K+) and anions (OH-) increases the self-curling energy of the hBN 

sheet，and it can also obtain the boron nitride nanosheet [27]. Another approach is 
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exfoliation with a shear force, such as ball milling [28], or using a vortex fluidic device 

(VFD), the shear action from gravity and centrifugal force could exfoliate hBN particles 

[29]. However, the complicated processes and low yields have limited the mass 

production in commercial applications.  

In this work, the hBN particles were used as thermally conductive filler and in situ 

exfoliated by three-roll milling, and thus reduce the adverse effects of stacking and 

agglomeration of hBN particles in the polymer blend. In addition, polyethersulphone 

(PES) was introduced into epoxy system, leading to construct an efficient filler 

interconnect network through reaction-induced phase separation. With different hBN 

content, the influence of three-roll milling on various properties of the composites has 

been discussed. Compared with the samples prepared by mechanical stirring, three-roll 

milling has improved the dispersion of hBN particles in the blend and enhanced the 

thermal conductive property and impact performance of the filled composites. For 

comparison, boron nitride nanosheet (BNNS) was also used in this system. Compared 

with the micro-size hexagonal boron nitride (hBN), BNNS has no obvious advantages 

for the enhancement of thermal conductivity.  

2. Experimental 

2.1 Materials 

Hexagonal boron nitride (hBN) (diameter: 15-25 μm) was purchased from 

Dandong Rijin Technology Co. Ltd. (China). Boron nitride nanosheet (BNNS) 
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(thickness: 50-400 nm) was suppiled by Nanjing Xianfeng Nano Material Technology 

Co. Ltd. Epoxy oligomers were diglycidyl ethers of bisphenol A supplied from Nantong 

Xingchen Material Co. Ltd., China. Polyethersulphone (PES) with Mn around 6.7 × 104 

was purchased from Jilin University, China. Methyl tetrahydrophthalic anhydride 

(MTHPA) as the curing agent was supplied from Zhejiang Alpha Technology Co. Ltd., 

China. The curing accelerator was 2-ethyl-4-methylimidazole, provided by Sinopharm 

Group, China. 

2.2 Preparation of epoxy composites 

PES powder was added and dissolved in liquid curing agent MTHPA at 110 oC for 

2 h. Epoxy oligomers were added in the mixture (PES : MTHPA : epoxy = 3 : 8 : 10, by 

mass ratio), and then mechanical stirred in an oil bath at 90 oC for 20 min. The hBN 

with different mass fractions (from 1 wt% to 10 wt% of the blends) was mixed in the 

blends and stirred for 20 min. The blends were then fed into the three-roll mill. After 

passing through three-roll milling for five times at room temperature, the blends were 

cast in mold and cured at 145 oC for 4 h. The schematic diagram of the preparation 

process of epoxy composites is shown in Fig. 1. Samples prepared by three-roll milling 

were named as epoxy/PES/hBN-TRM, and samples with the name of epoxy/PES/hBN 

were fabricated by mechanical stirring without three-roll milling. Epoxy/hBN 

composites were prepared as the contrast samples. Epoxy and hBN particles were mixed 

by mechanical stirring at 90 oC for 20 min. To reduce the precipitation of hBN particles 
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in the epoxy/BN mixture, the composites were precured at 100 oC for 1 h and postcured 

at 145 oC for another 4 h. 

2.5. Characterization 

The contact angle was measured by a drop shape analysis system (DSA100, 

KRUSS). Film samples of hBN and PES were fabricated through hot pressing, while a 

thin layer of epoxy oligomer was applied to the surface of glass slide [30]. The 

measurements were performed with water (H2O) and diiodomethane (CH2I2) as probe 

liquid at room temperature. The images of scanning electron microscope (Jeol 

JSM-6510, Japan) and optical microscope (Carl Zeiss Jena, Germany) were obtained on 

the section of the samples to investigate the morphology of the composites. The thermal 

conductivity of samples with thickness of 8 mm was tested using Hot Disk Thermal 

Analyzer (TPS 2500) at room temperature. An infrared thermograph (FOTRIC 220) was 

used to obtain the thermal images of the composites. Un-notched impact property was 

measured by an Izod impact tester (UJ-4, Chengde Machine, China). The frequency 

dependent electrical conductivity and dielectric performance of the composites were 

measured by a broadband dielectric spectrometer (Novocontrol technologies, Concept 

42) from 0.1 Hz to 1 MHz at room temperature. 

 

3. Results and discussion 
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3.1. Theoretical prediction of hBN location 

For two incompatible polymer blend systems, the distribution of fillers is affected 

by interactions between the different componets [20]. Therefore, the distribution of hBN 

in the blends can be predicted by the affinity to the certain polymer. The interactions 

between hBN and other polymer matrix can be evaluated be the wetting parameter (ωa), 

which is widely used to predict the location of fillers in blends [31]. The value of ωa for 

different components can be calculated by Eq. (1): 
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and B, respectively, while γA-B is the interfacial tension between polymer A and polymer 

B. If ωa > 1, the hBN particles are present in polymer A; if ωa < -1, the hBN particles 
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where γi is the surface tensions of components i, p
i

d
ii γγγ += ; d

iγ  is the dispersive 

part of the surface tension of components i; and p
iγ  is the polar part of the surface 

tension of components i. Surface tension, dispersive and polar portion of the polymer 

and hBN can be evaluated from the contact angle of the component in H2O and CH2I2. 

The relationship between the contact angle θ and the surface tension γi is as follows 

[33]: 
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where γL and γS are the surface tension of the liquid and solid, d
Lγ  and p

Lγ  are the 

dispersive and polar portions of liquid, dSγ  and p
Sγ  are the dispersive and polar 

portions of solid. The surface energies of components and interfacial tension between 

materials are listed in Table 1 and Table 2. 

The wetting parameters (ωa) for the studied epoxy composites were calculated and 

shown in Table 3. The calculated value of ωa indicated that hBN particles preferred to 

distribute in PES phase or the junction of epoxy and PES. 

3.2. Morphologies of the epoxy/PES/hBN-TRM composites 

The elemental content of epoxy/PES/hBN composites fabricated by mechanical 

stirring with 10 wt% hBN was shown in Fig. S1. It can be seen that the smooth 

fractured surface was epoxy phase, and the network-like phase (area 1) was PES phase 

where a large amount of boron and nitrogen elements were found. This indicated the 

selective distribution of hBN particles in the polymer blends. 
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The SEM images of hBN particles and epoxy/PES/hBN composites fabricated by 

three-roll milling are shown in Fig. 2. From the Fig. 2(A), hBN particles exhibited 

smooth lamellar structure and the particle size was between 15 and 20 μm, with 

thickness around 1μm. Fig. 2(B-F) show the SEM images of cryo-fractured surface of 

epoxy/PES/hBN composites by three-roll milling with different contents of hBN. It is 

clear that the PES phase is continuous, while the hBN particles were selectively 

dispersed in the PES phase. With the increasing content of hBN, a filler network tended 

to form. The SEM images of morphologies of epoxy/hBN composites and 

epoxy/PES/hBN composites prepared by different strategies are shown in Fig. 3. Fig. 

3(A) illustrates the cryo-fractured surface of epoxy/hBN composite. It can be seen that 

the distribution of hBN in the epoxy matrix was random. In Fig. 3(B) and (C), hBN was 

dispersed in the PES phase which had the potential to form a continuous heat 

conduction path. However, there were agglomerations in epoxy/hBN composites and 

epoxy/PES/hBN composites prepared by mechanical stirring, which was exhibited in 

Fig. 3(a) and (b). Fig. 3(c) presents that there were no obvious agglomeration in 

epoxy/PES/hBN composite by three-roll milling with 10 wt% hBN. The SEM images of 

epoxy/PES composites with 5 wt% loading of BNNS are shown in Fig. S2. It can be 

found that the agglomerations of BNNS were appeared in epoxy/PES/hBN composites 

prepared by mechanical stirring. The detailed discussion is shown in supporting 

information. 

The optical microscope images of epoxy/PES/hBN-TRM composites with different 
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content of hBN are shown in Fig. 4 to investigate the distribution and dispersion of hBN 

in large scale. The light area was the continuous phase of PES, while the dark area was 

the dispersed phase of epoxy, and the hBN particles (shown by arrows) are dispersed in 

PES or the phase interface. The difference of epoxy phase between epoxy/PES/hBN and 

epoxy/PES/hBN-TRM composites is shown in Fig.S3. At low contents of fillers, no 

continuous thermal conductive path was formed (Fig. 4(A-C)), and with the increasing 

of fillers, the filler networks were gradually formed (Fig. 4(D) and (F)). The optical 

microscope images of epoxy/hBN composites and epoxy/PES/hBN composites are 

shown in Fig. 5. In low and high magnification, significant agglomeration was observed 

in epoxy/hBN composites and epoxy/PES/hBN composites fabricated by mechanical 

stirring (Fig. 5(A), (B), (a) and (b)), while no significant agglomeration was observed 

for epoxy/PES/hBN-TRM composites and highly efficient filler network has formed. 

This is consistent with the SEM results, indicating that the three-roll milling process is 

greatly effective in reducing the agglomeration of hBN particles, leading to a highly 

efficient way to form a filler network. 

3.3. Thermal performance of epoxy/PES/hBN-TRM composites 

The thermal conductive properties of epoxy/hBN and epoxy/PES/hBN composites 

system prepared by different strategies are illustrated in Fig. 6(a). With the increasing 

filling amount of hBN particles, the thermal conductivities of epoxy/hBN composites 

increased linearly. At low filler loadings (1-5 wt%), the thermal conductivties of 
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epoxy/PES/hBN composites were close to that of epoxy/hBN composites. However, the 

epoxy/PES/hBN composites exhibited enhanced thermal conductivity in comparison 

with epoxy/hBN composites at 7 wt% hBN loading. It can be inferred that 7 wt% hBN 

content was a critical value, and at low filler loading, there are insufficient hBN to 

construct a three-dimension continuous filler network. In addition, the epoxy/PES/hBN 

composite fabricated by three-roll milling exhibited significantly higher thermal 

conductive performance even at a low hBN loading of 3 wt%. The thermal conductivity 

of epoxy/PES/hBN-TRM composites with 10 wt% hBN was 0.52 W/mK, which was 

160% and 40.5% improvement compared with pure epoxy and epoxy/hBN composites, 

respectively, and 26.8% higher than that of epoxy/PES/hBN composites without 

three-roll milling. The thermal conductivity of epoxy/PES composites filled with hBN 

and BNNS is shown in Table S1. It can be seen that the thermal conductivity of 

epoxy/PES/BNNS composites has not been significantly improved. Furthermore, the 

comparative values of thermal conductivity with previously reported epoxy composites 

are shown in Table 4 [2, 11, 34-41]. In this work, the enhancement in the 

epoxy/PES/hBN-TRM composites is due to the deagglomeration of hBN by three-roll 

milling combined with the following selective distribution of hBN via reaction-induced 

phase separation. As a result, a highly efficient thermal conductive pathway can be 

formed in the epoxy matrix, as illustrated in Fig. 7. 

Furthermore, theoretical model was also applied to relate the thermally conductive 

behavior of composites with the dispersion of fillers. According to the micromechanics 
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theory [42, 43], the effective thermal conductivity Kc can be calculated using the 

following formula: 

1]
)1K/K(2/)H1(
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where Km (0.2 W/mK) means the thermal conductivity of the polymer matrix, � 

represents the volume fraction of the hBN, Kx and Kz represent the in-plane and 

out-of-plane thermal conductivities of the hBN. Herein, values of Kx and Kz were 

assumed 200 W/mK and 150 W/mK [44, 45], respectively. H is the geometrical factor 

related to the aspect ratio, p = L / d, and calculated as follows: 
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Fig. S3 shows the influence of aspect ratio p on thermal conductivities of composites 

predicted by Eq. (5). The relationship between mass fraction and volume fraction was 

shown in Eq. (S5). From the Fig. 6b, it can be seen that the experimental data has a 

good agreement with the modelling data, implying that aspect ratios of hBN played a 

significant role in the thermal conduction. It can be clearly seen that the simulated 

results of the thermal conductivity of epoxy/PES/hBN-TRM composites agrees well 

with the experimental data when the aspect ratio was 14 for the model. This value of 14 

was much higher than that of epoxy/hBN composite (aspect ratio of 9) and 

epoxy/PES/hBN composite (aspect ratio of 9~11), which means that three-roll milling 

could increase the average aspect ratio of hBN in the epoxy composites by improving 
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the dispersion of hBN particles. Interestingly, the aspect ratio of a single hBN particle 

used in this work was around 15~20 as can be calculated from Fig. 2(A). The 

epoxy/PES/hBN-TRM composites exhibited significant enhancement in thermal 

conductivity even at 3 wt% content of hBN, compared with epoxy/PES/hBN 

composites without three-roll milling. This could be due to the improved dispersion of 

hBN by three-roll milling allowing hBN particles to efficiently form a thermal 

conductive network at a lower filler loading. This was consistent with the experimental 

data. 

The increased thermal transport properties of epoxy/PES/hBN-TRM composites 

are clearly illustrated by infrared thermographs. Fig. 8(a) shows the temperature 

distribution images of neat epoxy and epoxy composites at 0, 60 and 120 s. The color of 

epoxy/PES/hBN-TRM composites with 10 wt% hBN loading changed quickly from 

black to orange, which indicated that the epoxy/PES/hBN-TRM composites illustrated 

higher thermal transfer efficiency due to the efficient thermal conductive network built 

by three-roll milling. The temperature-time curve of four samples is shown in Fig. 8(b). 

This exhibits that epoxy/PES/hBN-TRM composites have higher heating rates than that 

of pure epoxy and other composites. After heating for 300 s, the temperature of the 

epoxy/PES/hBN-TRM composites with 10 wt% hBN loading was 14.1 oC higher than 

that of pure epoxy, which illustrated that epoxy/PES/hBN-TRM composites showed 

good potential in thermal management. 
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3.4. Impact performance of epoxy/PES/hBN-TRM composites 

Fig. 9 shows the impact performance of epoxy/PES/hBN composites prepared by 

different methods. All epoxy/PES/hBN-TRM composites had significantly higher 

impact strength compared with the epoxy/PES/hBN composites by mechanical stirring. 

This may be due to the agglomeration of hBN becoming a stress concentration point, 

and three-roll milling improved the dispersion of hBN in the PES phase and enhances 

the impact strength of the composites [46, 47]. 

3.5. Dielectric properties of epoxy/PES/hBN-TRM composites 

The dependence on frequency of the dielectric constant and loss for pure epoxy 

and epoxy composites is shown in Fig. 10. The low dielectric constant and dielectric 

loss are very important for applications in electrical devices packaging. Owing to the 

high dielectric constant of hBN, the epoxy composites showed high dielectric constants 

in comparison with the pure epoxy. However, the difference was not significant, which 

indicated that the effect of hBN on the dielectric constant was negligible. At medium 

and high frequencies (10 Hz to 1 MHz), the dielectric loss tangent of all composites was 

close to that of pure epoxy. At low frequencies (0.1 Hz to 10 Hz), the dielectric loss of 

epoxy/hBN composites and epoxy/PES/hBN composites exhibited a slightly higher than 

that of pure epoxy. The dielectric loss tangent was closely related to electrical 

conductivity [48, 49]. The increased dielectric loss tangent of epoxy composites at low 

frequencies may be attributed to an addition of the electrical conductivity, which was 
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confirmed in Fig. 10(c). It can be seen that the conductivity of the samples was around 

10-14 S/cm at 1 Hz, which proved that the composites had great electrical insulation [50]. 

Furthermore, the epoxy/PES/hBN composite prepared by three-roll milling had lower 

dielectric loss and electrical conductivity at low frequencies than that fabricated without 

three-roll milling. This could be caused by the addition of hBN which can inhibit the 

migration of carriers. The uniformly dispersed hBN increased interfaces between fillers 

and polymer matrix, leading to a reduction in dielectric loss [49]. Accordingly, the 

epoxy/PES/hBN composites prepared by TRM had good prospects in practical 

applications. 

 

4.  Conclusions 

The selective dispersion of hBN particles in epoxy/PES blends was obtained by 

RIPS, which formed a three-dimensional interconnected conductive network structure. 

Epoxy/PES/hBN composites exhibited great enhancement of thermal conductivity and 

improved impact strength compared with epoxy/hBN composites. Moreover, the SEM 

images and OM images showed that TRM improved the dispersion of hBN in 

epoxy/PES composites. The theoretical prediction based on the micromechanics theory 

indicated that the improved dispersion can be attributed to the increasing of the aspect 

ratio by three-roll milling. The comparison between hBN and BNNS shows that the 

nanofillers have no obvious advantages for the enhancement of thermal conductivity. 
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Therefore, the three-dimensional filler network could be efficiently developed at a lower 

content of hBN particles. Furthermore, the addition of hBN did not significantly 

increase the dielectric constant and loss of the epoxy composites. Consequently, 

efficient filler network can be constructed combining reaction-induced phase separation 

and three-roll milling, leading to the enhanced thermal, mechanical and dielectric 

performance of epoxy composites. 
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Figures captions: 

Fig. 1. Schematic illustration of epoxy/PES/hBN composites prepared by three-roll 

milling. 

Fig. 2. SEM images of (A) BN particles; (B) epoxy/PES/hBN composites by three-roll 

milling with 1 wt% hBN; (C) 3 wt% hBN; (D) 5 wt% hBN; (E) 7 wt% hBN; (F) 10 

wt% hBN. 

Fig. 3. SEM images of (A) epoxy/hBN composite by mechanical stirring with 10 wt% 

hBN; (B) epoxy/PES/hBN composite by mechanical stirring with 10 wt% hBN; (C) 

epoxy/PES/hBN composite by three-roll milling with 10 wt% hBN; (a), (b) and (c) 

corresponding to high magnification. 

Fig. 4. Optical microscope images of epoxy/PES/hBN-TRM composites at different 
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hBN contents: (A) 1 wt%; (B) 3wt %; (C) 5 wt%; (D) 7 wt%; (E) 10 wt%. 

Fig. 5. Optical microscope images of (A) epoxy/10%hBN composites; (B) 

epoxy/PES/10%hBN composites; (C) epoxy/PES/10%hBN composites by three-roll 

milling; (a), (b) and (c) corresponding to high magnification. 

Fig. 6. (a) Thermal conductivities of epoxy/hBN, epoxy/PES/hBN and 

epoxy/PES/hBN-TRM composites with different contents of hBN; (b) The experimental 

and predicted thermal conductivity of epoxy/hBN composites and epoxy/PES/hBN 

composites fabricated by different methods. 

Fig. 7. Schematic representation of epoxy composites prepared via RIPS with three-roll 

milling. 

Fig. 8. Thermal images (a) and temperature-time curve (b) of (Ⅰ) pure epoxy; (Ⅰ) 

epoxy/hBN, (Ⅰ) epoxy/PES/hBN and (Ⅰ) epoxy/PES/hBN-TRM composites with 10 

wt% hBN loading. 

Fig. 9. Impact strength of epoxy/PES/hBN composites fabricated by different methods. 

Fig. 10. Frequency dependent dielectric constant (a), dielectric loss tangent (b) and 

electrical conductivity (c) of pure epoxy; epoxy/hBN, epoxy/PES/hBN and 

epoxy/PES/hBN-TRM composites with 10 wt% hBN loading. 

Table 1 The surface energy data of components. 
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Table 2 Interfacial tensions γ12 between different components calculated using the 

harmonic and geometric mean equation. 

Table 3 Wetting parameter as calculated using the harmonic and geometric mean 

equation. 

Table 4 Comparison of epoxy-based composites with different fillers. 
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Components γ
d (mN m-1) γ

p (mN m-1) γ (mN m-1) 

PES 27.9 9.8 37.7 
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Epoxy 38.5 13.7 52.2 

hBN 41.8 0.7 42.5 

Table 1 

 

Component couple 

γ12 (mN m-1) 

Harmonic mean equation Geometric mean equation 

PES-hBN 10.74 6.75 

Epoxy-hBN 11.95 8.37 

Epoxy-PES 2.64 1.48 

Table 2 

 

Sample 
ωa (Harmonic mean 

equation) 

ωa (Geometric mean 

equation) 

Epoxy/PES/hBN -0.46 -1.10 

Table 3 
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Composites 
Filler 

content 

Thermal 

conductivity 

(W/mK) 

Complexity of 

processing 
Test method 

Year & 

References 

epoxy/f-SiCw 3.91 vol% 0.43 Medium Hot disk 2019 [34] 

epoxy/(SiC + BNNS) 20 wt% 0.89 Medium Hot disk 2020 [35] 

LCER/BN 30 wt% 1.02 Medium Hot disk 2020 [11] 

epoxy/BN-PGMA 15 vol% 1.198 Medium Hot disk 2018 [36] 

epoxy/CuNWs-TAGA 7.2 wt% 0.51 High Hot disk 2020 [37] 

epoxy/Al2O3-AgNPs 70 wt% 1.304 Medium Laser flash 2018 [38] 

epoxy/Cu@Cell 36.4 wt% 1.4 Medium Laser flash 2019 [2] 

epoxy/(3DGF + GP) 5.52 vol% 0.68 High Laser flash 2019 [39] 

epoxy/c-PfRG 3 wt% 0.67 High Laser flash 2019 [40] 

epoxy/(MWCNT + 

Fe3O4@Ag) 
15 wt% 0.46 High Laser flash 2019 [41] 

epoxy/PES/BN 10 wt% 0.52 Low Hot disk This work 

Table 4 

Notes: 

f-SiCw: modified silicon carbide nanowires;  

BNNS: boron nitride nanosheets;  

LCER: liquid crystal epoxy resin;  
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BN-PGMA: BN grafted by poly (glycidylmethacrylate); 

CuNWs-TAGA: 3D CuNWs-thermally annealed graphene aerogel;  

Al 2O3-AgNPs: silver nanoparticle-decorated Al2O3 spheres;  

Cu@Cell: cellulose-supported copper scaffold;  

3DGF: 3D graphene fillers; GP: graphite platelets;  

c-PfRG: polymethylmethacrylate-functionalized graphenes using cetyltrimethylammonium bromide. 

MWCNT: multiwall carbon nanotube. 



Table 1 The surface energy data of components. 

Components γ
d (mN m-1) γ

p (mN m-1) γ (mN m-1) 

PES 27.9 9.8 37.7 

Epoxy 38.5 13.7 52.2 

hBN 41.8 0.7 42.5 

 



Table 2 Interfacial tensions γ12 between different components calculated using the 

harmonic and geometric mean equation. 

Component couple 

γ12 (mN m-1) 

Harmonic mean equation Geometric mean equation 

PES-hBN 10.74 6.75 

Epoxy-hBN 11.95 8.37 

Epoxy-PES 2.64 1.48 

 



Table 3 Wetting parameter as calculated using the harmonic and geometric mean 

equation. 

Sample 
ωa (Harmonic mean 

equation) 

ωa (Geometric mean 

equation) 

Epoxy/PES/hBN -0.46 -1.10 

 



Table 4 Comparsion of epoxy-based composites with different fillers. 

Composites 
Filler 

content 

Thermal 

conductivity 

(W/mK) 

Complexity of 

processing 
Test method 

Year & 

References 

epoxy/f-SiCw 3.91 vol% 0.43 Medium Hot disk 2019 [34] 

epoxy/(SiC + BNNS) 20 wt% 0.89 Medium Hot disk 2020 [35] 

LCER/BN 30 wt% 1.02 Medium Hot disk 2020 [11] 

epoxy/BN-PGMA 15 vol% 1.198 Medium Hot disk 2018 [36] 

epoxy/CuNWs-TAGA 7.2 wt% 0.51 High Hot disk 2020 [37] 

epoxy/Al2O3-AgNPs 70 wt% 1.304 Medium Laser flash 2018 [38] 

epoxy/Cu@Cell 36.4 wt% 1.4 Medium Laser flash 2019 [2] 

epoxy/(3DGF + GP) 5.52 vol% 0.68 High Laser flash 2019 [39] 

epoxy/c-PfRG 3 wt% 0.67 High Laser flash 2019 [40] 

epoxy/(MWCNT + 

Fe3O4@Ag) 
15 wt% 0.46 High Laser flash 2019 [41] 

epoxy/PES/BN 10 wt% 0.52 Low Hot disk This work 

Notes: 

f-SiCw: modified silicon carbide nanowires;  

BNNS: boron nitride nanosheets;  

LCER: liquid crystal epoxy resin;  

BN-PGMA: BN grafted by poly (glycidylmethacrylate); 

CuNWs-TAGA: 3D CuNWs-thermally annealed graphene aerogel;  

Al2O3-AgNPs: silver nanoparticle-decorated Al2O3 spheres;  

Cu@Cell: cellulose-supported copper scaffold;  

3DGF: 3D graphene fillers; GP: graphite platelets;  

c-PfRG: polymethylmethacrylate-functionalized graphenes using cetyltrimethylammonium bromide. 



MWCNT: multiwall carbon nanotube. 
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