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In this report, we synthesized a new kind of liquid-crystal perylenebisimides polyurethane (LCPBI). 

Noncovalently functionalized reduced graphene oxide (RGO) with LCPBI was prepared via π-π stacking 

interactions. The noncovalently functionalized graphene nanosheets (LCPBI/RGO) were used to improve 

thermal properties of epoxy composites, with modified Al2O3 nanoparticles (Al2O3-APS) which grafted 

with a silane coupling agent (KH-550). We demonstrated that the thermal conductivity of the epoxy 

composites could be improved by hybrid LCPBI/RGO and Al2O3-APS fillers. For instance, the thermal 

conductivity of epoxy composite with 30 wt% Al2O3-APS and 0.3 wt% LCPBI/RGO was 0.329 W/mK, 

increased by 105.6% compared to that of the pure epoxy (0.16 W/mK). Meanwhile the glass transition 

temperature and storage modulus of epoxy composites with increasing hybrid fillers got improved, as 

well as the α-relaxation apparent activation energy. 

 

1. Introduction 

Epoxy resin (EP) is an important class of thermoset polymer, which 

is widely used in polymer composites owning to their excellent 

electrical insulation, chemical resistance, mechanical properties and 

low cost.1-4 When it comes to the thermal dispersion problem, these 

resins cannot meet the requirements in the aerospace electrical and 

electronic components due to their poor thermal conductivity and 

weak resistance to high temperature.5 Now aerospace devices 

embedded with lots of electronics which generate considerable 

amounts of heat energy. Those generated heat, if not dissipated on 

time, might potentially affect the structural integrity of the composite 

structure.6,7 A mass of studies have been conducted to improve the 

thermal conductivity of the epoxy composites using different types 

of fillers, such as silica, carbon tubes, clay silicates and graphene 

etc.8-10 

Graphene is two-dimensional sp2-hybridized carbon honeycomb 

lattice structure material, which has attracted tremendous attention in 

the last decade, due to its unparalleled thermal, mechanical and 

electrical properties etc.11,12 Polymer composites with graphene 
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have many potential applications in thermal management and 

electronics. However, there are two main factors limit the 

application of polymer composites with graphenes: 1) the poor 

dispersion of graphenes in polymeric matrixes; 2) the high cost of 

graphene nanofillers.13-16 On the other hand, the micro-scale 

inorganic fillers with high thermal conductivity are widely used as 

fillers in epoxy resins to improve the thermal conductivity of 

composites at relatively low cost, such as alumina, aluminum nitride 

and boron nitride etc. However, this micro-scale inorganic filled 

materials need high content (50-80 vol%) of powder to maximize the 

heat transfer pathways.5,17 

As we know, thermal transport occurs through phonons or lattice 

vibrations.18 For these filled composites, the dispersion of nanofillers 

in the matrix and the interface interactions between nanofillers and 

matrix are two important factors affecting the heat transport 

pathways.9 In this study, we proposed an effective hybrid filler 

epoxy system consisted of Al2O3 nanoparticles modified  by silane 

agents (Al2O3-APS) and noncovalently functionalized graphene 

nanosheets (LCPBI/RGO), aiming at enhancing the thermal 

properties of epoxy matrix at low cost and fillers content.17 The 

RGO were noncovalently functionalized with liquid-crystal 

perylenebisimides polyurethane (LCPBI) via π-π stacking 

interactions which improved the dispersion of graphene nanofillers 

in epoxy matrix based on our last work.19 Meanwhile, the Al2O3-

APS nanoparticles filled into the interspace of LCPBI/RGO 

nanosheets, which generated bridge between LCPBI/RGO, thus 

resulted in an increased heat transfer pathway.15,19 The thermal 

conductivity, glass transition temperature and thermomechanical 
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properties of epoxy composites with hybrid fillers were 

systematically studied in this work, as well as the dispersion of 

hybrid fillers and the interface interactions between hybrid fillers 

and epoxy matrix. 

2. Experimental 

2.1. Materials 

Nature flake graphite (325 mesh, 99%) was provided by Hengrui 

Graphite Co., Ltd. (Qingdao, China). 3,4,9,10-

perylenetetracarboxylic anhydride (PTCDA), monoethanolamine 

(MEA) and γ-aminopropyltriethoxysilane (γ-APS) were obtained 

from Xiya Chemical Reagent Co., Ltd. (Chengdu, China). Zinc 

acetate and 4, 4′-diaminodiphenylsulphone (DDS) were purchased 

from Aladdin Chemistry Co., Ltd. (Shanghai, China). H2SO4 (98%), 

HCl (36%), H2O2 (30%), KMnO4, P2O5 and K2S2O8 were purchased 

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). N, 

N′-dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), 

polyethylene glycol-1000 (PEG-1000), dibutyltindilaurate, 

chloroform, 2,4-tolylene diisocyanate (TDI) and dimethylbenzene 

were obtained from Jin hua du Chemical Reagent Co., Ltd. 

(Guangzhou, China).The diameter of Al2O3 particles was about 30 

nm and supplied by Kaier nano science and technology Co., Ltd. 

(Hefei, China). The epoxy resin used in this study is diglycidylether 

of bisphenol A (DGEBA, E-51, epoxy value = 0.51 and viscosity 

value =12 Pa·s at 25°C) supplied by Yueyang Chemical Plant 

(Yueyang, China). Deionized (D.I.) water was used in all the process 

of aqueous solution preparations and washings. 

2.2. Synthesis of liquid crystal perylenebisimides polyurethane 

(LCPBI)  

The N,N′-(ethanolamine)perylene-3,4,9,10-tetracarboxylic acid 

diimide (PDI) was prepared according to the literature.20,21 Briefly, 

the PTCDA (1000 mg, 2.55 mmol) and MEA (280 mg, 4.58 mmol) 

were added in a 250 ml three-necked flask with zinc acetate (250 

mg, 1.36 mmol) as catalyst and NMP (70 ml) as solvent, then keep 

the temperature at 165 oC for 12 h under nitrogen atmosphere. After 

the reaction, cooled the solution to room temperature and 

precipitated it in anhydrous ethanol. Collected the precipitate by 

filtration and washed with plenty of anhydrous ethanol. The resulting 

PDI was isolated in 79.3% yield as a chocolate solid then dried in a 

vacuum oven at 60 oC for 12 h. 

240 mg (0.5 mmol) as-prepared PDI were dissolved in 40 ml DMF 

in a 100 ml three-neck flask. Then 192 mg (1.1 mmol) TDI and 50 

mg dibutyltindilaurate as catalyst were added in the reaction mixture. 

The reaction system was kept at 60 oC for 6 h under a nitrogen 

atmosphere. Then added 110 mg (1.1mmol) PEG-1000 in the 

reaction mixture and heated to 90 oC for 8 h. At the end, this reaction 

mixture was poured into plenty of D.I. water. The solid was 

separated by filtration, washed and vacuum dried in a vacuum oven 

at 60 oC for overnight. The resulting purplish red solid (LCPBI) was 

obtained.19  The synthetic route is shown in Scheme 1. 

 
Scheme 1 The preparation process of the LCPBI. 

2.3. Synthesis of LCPBI-functionalized reduced graphene oxide 

(LCPBI/RGO) 

Firstly, the graphene oxide (GO) was prepared according to the 

modified Hummers method, then the reduced graphene oxide (RGO) 

was obtained by thermal annealing of GO to 1100 oC at a heating 

rate of 2 oC /min under a 3 % H2/Ar stream over a 12 h period. 3,19,22 

After that, 500 mg RGO dispersed in 20 ml chloroform solution 

under sonication for 30 min. And then, 500 mg LCPBI were added, 

followed by other 30 min of sonication. The weight ratio of LCPBI 

to RGO was 1:1. The atropurpureus suspension was centrifuged at 

8000 rpm to obtain the LCPBI/RGO. Then the resultant 

LCPBI/RGO were dispersed in chloroform solution and centrifuged 

again to ensure completely removal the free LCPBI.23,24 The 

synthetic route is shown in Scheme 2. 

 
Scheme 2 The preparation process of the LCPBI/RGO. 

2.4. Synthesis of Al2O3 grafted silane coupling agent (Al2O3-APS)  

3 g of Al2O3 nanoparticles and appropriate amount of the γ-APS 

(0.5-1 wt% based on the weight of nanofillers) were added into a 

500 ml three-necked flask, equipped with a mechanical stirrer and a 

reflux condenser, and mixed in high purity dimethylbenzene by 

stirring at 110-120 oC for at least 4 h. After filtration, the γ-APS 

treated Al2O3 nanoparticles (Al2O3-APS) was washed several times 

with dimethylbenzene to remove the unreacted siloxane moieties and 

dried in a vacuum oven at 120 oC for 2 h to remove the residual 

solvent.5,25 The proposed reaction scheme for γ-APS modification 
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process on the surface of Al2O3 nanoparticles is illustrated in 

Scheme 3.26,27  

 
Scheme 3  Schematic illustration of γ-APS modification process on 
the Al2O3 nanoparticle surface. 

2.5. Preparation of epoxy composites  

The pure epoxy was prepared by mixing epoxy resin (E-51) with 

stoichiometric amounts of curing agent DDS (30 phr of epoxy resin, 

and epoxy resin for 100 phr) through ultrasonication for 0.5 h and 

vigorous stirred for 10 min to get homogeneous mixture. Then the 

mixture was poured into preheated mould. Lastly eliminated the 

entrapped air in a vacuum oven at 100 oC for 0.5 h and cured by the 

following cycle, 140 oC for 2 h, 160 oC for 2 h and 180 oC for 2 h. 

For the LCPBI/RGO/Al2O3-APS/epoxy composites, stoichiometric 

amounts of LCPBI/RGO nanosheets (0.3 phr of epoxy resin) and 

appropriate amount of Al2O3-APS nanoparticles (5, 10, 15, 20, 25, 

30 phr of LCPBI/RGO, respectively) were dispersed in anhydrous 

ethanol firstly. Then the preheated epoxy was added to the 

LCPBI/RGO/Al2O3-APS solution. The mixture was ultrasonicated 

for 2 h at 80 oC. Then the mixture was placed in a vacuum oven at 

100 oC for 2 h to eliminate the entrapped air and to remove the 

residual ethanol. After that the curing agent was added to the mixture 

under high speed shear mixing for 10 min at 2000 rpm. Then the 

hybrid fillers/epoxy slurry was poured into preheated mould. The 

mixture was again placed in a vacuum oven to degas for 1 h. The 

curing cycle of the LCPBI/RGO/Al2O3-APS/epoxy composites was 

the same as the pure epoxy. At the same time, the Al2O3-APS/epoxy 

composites and the Al2O3/epoxy composites were prepared as well 

as this method without added the LCPBI/RGO nanosheets.3,4,19,28 

The experimental details of the synthesis of the epoxy composites 

are shown in Scheme 4.  

2.6. Characterization  

Fourier-transform infrared spectra (FT-IR) were recorded on a 

Perkin-Elmer 1710 spectrophotometer at room temperature. The 

frequency range of FT-IR was 4000-500 cm-1, using KBr pellets. 

Transmission electron microscopy (TEM) images were obtained 

from a JEOL JEM-2100 instrument operated at an accelerating 

voltage at 200 kV. The RGO and LCPBI/RGO samples were  

 
Scheme 4 The preparation process of epoxy composites with 
different nanofillers. 

prepared by dropping the sample ethanol solutions onto holey 

carbon-coated copper grids and air-dried before measurement. 

Thermogravimetric analysis (TGA) of the samples with 2.5 mg were 

conducted on NETZSCH STA- 449 at a heating rate of 10 oC/min 

under nitrogen. X-ray photoelectron spectra (XPS) of the surfaces of 

nanoparticles were recorded by means of a Vacuum Generators 

Escalb MK II X-ray photoelectron spectrometer with a resolution of 

0.8 eV at 240W (Mg Kα12 kV). Thermal conductivities of the 

composites were measured with UNITHERMTM MODEL 2022 

(ANTER, USA) according to ASTM E1461, using the measured 

heat capacity and thermal diffusivity, with separately entered density 

data. Samples were prepared in square shape of 25.4 mm in length 

and 1.0–2.0 mm in thickness. Differential scanning calorimetry 

(DSC-204, NETZSCH, Germany) were performed at temperature 

from 30 to 250 oC at heating rate of 10 oC/min. All tests were 

performed in a nitrogen atmosphere with a sample weight of about 8 

mg. The fracture surfaces of the specimens were investigated using 

field emission scanning electron microscopy (FE-SEM, JSM-6701F, 

Japan) at an accelerating voltage of 20 kV, and the fracture surfaces 

were coated with sputter-gold to improve the conductivity. Dynamic 

mechanical analysis (DMA) was performed on a DMA Q800 

dynamic mechanical analyzer (TA Instruments, USA) to determine 

the thermomechanical properties of composites. The tests were 

carried out in the single cantilever mode in multifrequency pattern at 

0.1, 1, 5 and 10 Hz frequency from 40 to 250 oC at a heating rate of 

1 oC/min. Mechanical properties of the composites were evaluated 

by impact, tensile and flexural measurements. Izod impact strength 

was measured on a tester of type XJJ-5, which is with no notch in 

the specimen according to National Standard of China (GB1043-79). 

The experiments were carried out on cubic samples (80x10x4 mm). 

The tensile strength was examined on a universal tensile tester of 

type RGT-5 according to National Standard of China (GB1040-92). 

The tensile rate was 2 mm/min. Flexural tests were performed 

according to WDW-20 (Shenzhen Jun Red Instrument Equipment 

Co., Ltd, China) using a three-point bending mode of the universal 

testing machine with a crosshead speed of 2 mm/min. The conditions 

of the tests and the specimens conformed to GB1449-2005. All the 

results are the average value of five specimens. 
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3. Results and discussion 

3.1 Characterization of the nanofillers 

The left of Scheme 4 shows the dispersion of Al2O3, Al2O3-APS, 

RGO, LCPBI/RGO and LCPBI/RGO/Al2O3-APS in ethanol. These 

photographs were taken after 1 day of storage at room temperature. 

As we can see, both of the Al2O3 and RGO are easily deposited to 

the bottom, while the Al2O3-APS, LCPBI/RGO and 

LCPBI/RGO/Al2O3-APS exhibited better colloidal stability in 

ethanol. In general, the dispersion of nanofillers in solvent was 

affected by the particle–particle or sheet-sheet interactions and 

particle–solvent or sheet-solvent interactions.29 There was obvious 

precipitation in the RGO suspension, due to its 2-D plane structures 

and large specific surface area.30 Meantime, distinct agglomerates 

were also observed in the Al2O3 nanoparticles suspension for its 

large specific surface area. But the Al2O3-APS, LCPBI/RGO and 

LCPBI/RGO/Al2O3-APS suspensions exhibited visually 

homogeneous solutions, which indicated that modified Al2O3 

nanoparticles effectively prevented the aggregation between the 

particles, the long and tortuous liquid-crystal perylenebisimides 

polyurethane inhibited the stacking of noncovalently functionalized 

graphene nanosheets resulted in good colloidal stability.31 And for 

the LCPBI/RGO/Al2O3-APS suspensions, we found a steric and 

electrostatic stabilization existed between LCPBI/RGO nanosheets 

and Al2O3-APS nanoparticles in ethanol solvent. 

 
Fig.1 FT-IR spectra of LCPBI, LCPBI/RGO, Al2O3 and Al2O3-APS. 

Fig.1 shows the FTIR spectra of the nanofillers. For the LCPBI, the 

strong absorption appears at 3420 cm-1 indicating the presence of the 

stretching vibration band of N-H band in the diimide groups. The 

bands at the 2930 and 2860 cm-1 are due to the stretching vibration 

of -CH2- band. The band at 1650 cm-1 is assigned to the C=O 

stretching vibration of diimide groups. And the band at 1060 cm-1 

corresponds to the C-O stretching vibration of ether groups. The 

spectrum of the LCPBI/RGO is very similar to that of the LCPBI, 

but there are some differences between them. The absorption bands 

corresponding to the N-H band is 3428 cm-1. And the -CH2- band is 

presented at 2997, 2922 and 1394 cm-1 in the spectrum of the 

LCPBI/RGO. Compared with the spectrum of the LCPBI, 

LCPBI/RGO appeared high frequency infrared absorption peak 

mobile phenomenon. This phenomenon is due to the presence of π-π 

conjugation between LCPBI and RGO.32 Fig.1 also shows the FTIR 

spectra of the Al2O3 and Al2O3-APS. For the Al2O3, the strong 

absorption appears at 3473 cm-1 due to the stretching vibration of -

OH band. And the absorption at the 1629 cm-1 corresponds to the 

bending vibration of -OH, which indicated the Al2O3 nanoparticles 

easy to absorb water molecules. The spectrum of the Al2O3-APS is 

similar to Al2O3 curve, the absorption at 3473 and 1629 cm-1 are 

assigned to the -OH band. While the absorption appear at 2923 and 

2853 cm-1 corresponding to stretching vibration of -CH2 band and 

1222 cm-1 owning to the stretching vibration of C-N band. It shows 

that the silane coupling agents have been grafted on the surface of 

Al2O3 nanoparticles.5  

 

  

Fig.2 XPS spectra of (a) RGO, (b) LCPBI, (c) LCPBI/RGO, (d) 

C1s peaks, (e) O1s peaks, (d) N1s peaks 

The XPS spectra are employed to investigate π-π stacking 

interactions between LCPBI and RGO. Fig.2 (a-c) provides the 

survey spectra of RGO, LCPBI and LCPBI/RGO from 0 to 1250 eV. 

Fig.2 (d-f) show C1s, O1s and N1s XPS spectra of RGO, LCPBI 

and LCPBI/RGO, respectively. Notable peaks are observed at 

binding energy of 285 and 533 eV, corresponding to C1s and O1s, 

respectively, while slight reflection at 400 eV is assigned to N1s. As 

we can see, in Fig.2 (a), a slight O1s peak is observed, indicating 

there is still some C-O in RGO. It is also proved in Fig.2 (d), the 

peak at 286.5eV owned to C-O. The C1s of LCPBI/RGO shift to 

283.49eV compare with LCPBI (283.8eV), due to the π-π stacking 

interactions bring more nonoxygenated ring C from RGO. The 
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287.8eV is assigned to the form of C=O, in the C1s XPS spectra of 

LCPBI and LCPBI/RGO. In Fig.2 (e), for the peak at 530.62eV is 

attributed to C-O-C in LCPBI curve, a shift was found in 

LCPBI/RGO curve, the peak moved to 531.24eV for decreasing 

amount of C-O-C, which caused by stacking with RGO. We can find 

the same shift tendency in Fig.2 (f).33,34 

        

 
Fig. 3 TGA curves of (a) LCPBI and LCPBI/RGO (b) Al2O3 

and Al2O3-APS. 

 
Fig.4 TEM images of (a) RGO, (b) LCPBI/RGO. 

Fig.3 shows the TGA curves of nanofillers at a heating rate of 10 
oC/min in N2. The thermal stability of these samples is determined 

by TGA considering the onset of thermal decomposition (Ti), i.e. the 

temperature corresponding to initial 10% of weight loss. From the 

Fig.3 (a), we can find that both of LCPBI and LCPBI/RGO are 

thermally stable with a high Ti nearly 300 oC, the Ti of LCPBI and 

LCPBI/RGO are 280 oC and 320 oC, respectively. The Ti of the 

LCPBI/RGO is 40 oC higher than that of LCPBI. As we can see, 

from 200oC to 280oC, there was a slight weight loss(less than 10wt%) 

in LCPBI curve. As for LCPBI/RGO, although some degree weight 

loss can be found in temperature between 280 oC to 320 oC, the 

weight loss is lower than LCPBI, indicated the thermostability of 

LCPBI/RGO higher than LCPBI. On the basis of above analysis, it is 

noteworthy is that the LCPBI/RGO is thermostabilized during the 

epoxy composites preparation temperature (the highest temperature 

is 180 oC). Both their molecular forces and intermolecular forces, 

including π-π stacking interactions, are stabilized. And the residue 

yield of LCPBI and LCPBI/RGO calculated at 800 oC are ca. 

25.66% and 58.57%, respectively.  

Fig.3 (b) shows the TGA curves of Al2O3 and Al2O3-APS. As we 

can see, for these two types of nanoparticles, two stages of weight 

loss could be observed. At low temperature range (< 400 oC), the 

weight loss corresponds to the remove of water molecules and the 

hydroxyl groups from the nanoparticles. At the high temperature 

range from 400 to 800 oC, the weight loss owning to the 

decomposition of the grafted silane molecules. As it shown in Fig.3 

(b), the weight loss of the Al2O3-APS nanoparticles is obviously 

higher than that of the Al2O3 nanoparticles, which indicated that 

silane molecules were successfully grafted onto the surface of the 

Al2O3 nanoparticles.5,35 

Fig.4 shows the TEM images of RGO and LCPBI/RGO nanosheets. 

It can be seen from Fig.4 (a) that the RGO are showing overlapping 

in some instances with a silk-like appearance. Corrugation and 

scrolling are the part of the intrinsic nature of RGO, which result 

from the fact of the two-dimensional membrane structure becoming 

thermodynamically stable via bending.36 The detail π-π stack 

between RGO and LCPBI are shown in the Fig.4 (b), it can be found 

some obvious LCPBI banding were attached to the RGO nanosheets 

via π-π stacking, indicating that the LCPBI have been coated on the 

surface of the RGO. 

The SEM images which obtained for the as received Al2O3 

nanoparticles and Al2O3-APS nanoparticles powders are compared in 

Fig.5 (a) and (b). Comparison of SEM images Fig.5 (a) and (b) 

shows that silane treated Al2O3 nanoparticles display that the surface 

modification dramatically affects the aggregate particle size.37 Fig.5 

(c) and (d) shows the XPS spectra of the Al2O3 and Al2O3-APS. 

Fig.5 (c) is the XPS spectra of Al2O3, there were three peaks in this 

XPS spectra, with binding energy at 531.1, 117.9 and 72.9 eV, 

attributed to O1s, Al2s and Al2p. In Fig.5 (d), the XPS spectra of 

Al2O3-APS, there were another four peaks compared to Fig.5 (c), 

with binding energy at 398.4, 285, 150.5 and 100.4 eV, attributed to 

N1s, C1s, Si2s and Si2p.38,39 It shows that the silane coupling agents 

have been grafted on the surface of Al2O3 nanoparticles, which is in 

agreement with the results of FTIR. 

 

 

Fig.5 SEM images of (a) Al2O3, (b) Al2O3-APS and XPS spectra of 

(c) Al2O3, (d) Al2O3-APS. 

3.2. Morphology of composites 

Fig.6 shows SEM images of the fracture surfaces of the pure epoxy 

and its composites. Fig.6 (a-d) depicts the fracture surfaces of pure 

epoxy, 15 wt% Al2O3/epoxy, 15 wt% Al2O3-APS/epoxy and 15 wt% 

LCPBI/RGO/Al2O3-APS/epoxy composite, respectively. It can be 

observed from Fig.6 (a) that river patterns appear on the fracture 

surface and the smooth fracture surface regions can be observed. 

This is a typical brittle fracture for thermosetting polymer. Unlike 
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the pure epoxy, the composites show a rough fracture surface due to 

the matrix shear yielding or local polymer deformation, as shown in 

Fig.6 (b-d). As we can observe, some tortuous, cracks and cavities 

appeared in the fracture surfaces of these composites. The fail 

manner of these composites may due to a crack deflection 

mechanism which caused by the nanofillers. For Fig.6 (b), the Al2O3 

nanoparticle protruded from the fracture surface of the Al2O3/epoxy 

composite, revealing the weak interface interaction between matrix 

and Al2O3 nanoparticle. At the same time, some nanoparticle 

agglomerates are found in the SEM image. While the Al2O3-

APS/epoxy and the LCPBI/RGO/Al2O3-APS/epoxy composites 

show a good dispersion and homogeneity on the fracture surface, as 

shown in the Fig.6 (c) and (d). In Fig.6 (c), there still some 

agglomerated nanoparticles protruded from the fracture surface of 

the Al2O3-APS/epoxy composite. While for Fig.6 (d), there are 

almost no obvious naked nanofillers and clusters present due to the 

high dispersion of LCPBI/RGO nanosheets and Al2O3-APS 

nanoparticles. These nanofillers are deep embedded in the epoxy 

matrix suggesting that covalent bonding are formed among the 

epoxide groups, hydroxy groups and amine groups.3,5,8,40  

  
Fig.6 SEM images of fracture surfaces of composites: (a) pure 

epoxy; (b)15 wt% Al2O3/epoxy; (c) 15 wt% Al2O3-APS/epoxy; (d) 

15 wt% LCPBI/RGO/Al2O3-APS/epoxy. 

3.3 Thermal conductivity of epoxy composites   

Fig.7 depicts the thermal conductivity and thermal conductivity 

enhancement of pure epoxy and its composites with various filler 

contents. The thermal conductivity of the pure epoxy is 0.16 W/m•K. 

And the thermal conductivities of composites with 0.3 wt% of 

LCPBI/RGO in the matrix is 0.192 W/m•K. As shown in the Fig.7, 

with the increment in the amount of Al2O3 nanoparticles, the thermal 

conductivity of these composites gradually improved. When the 

Al2O3 content was 30 wt%, the thermal conductivity reached its 

highest value at 0.241 W/m•K (with Al2O3 filler), 0.27 W/m•K (with 

Al2O3-APS filler), 0.329 W/m•K (with LCPBI/RGO/Al2O3-APS 

filler), respectively. As we can see, there is 105.6% improvement in 

the thermal conductivity of composite with loading 30 wt% Al2O3-

APS and 0.3 wt% LCPBI/RGO, compared with that of the pure 

epoxy. While added 0.3 wt% LCPBI/RGO nanosheets without 

Al2O3-APS nanoparticles, there was only 20 % improvement in the 

thermal conductivity. Meanwhile with only 30 wt% filler of Al2O3-

APS nanoparticles the thermal conductivity was 68.8% 

improvement. We found the improvement of the thermal 

conductivity of LCPBI/RGO/Al2O3-APS/epoxy is not simply the 

result of Al2O3-APS plus LCPBI/RGO.  

 
Fig.7 (a) Thermal conductivity and (b) thermal conductivity 

enhancement of pure epoxy and its composites with various contents. 

The high thermal conductivity of the LCPBI//RGO/Al2O3-

APS/epoxy composites is due to the synergetic effect of Al2O3-APS 

and LCPBI/RGO in the epoxy matrix. It is known that the mode of 

thermal conduction in amorphous polymers is primarily phonons. In 

order to improve the overall thermal transport in amorphous 

polymeric systems, the acoustic impedance mismatch (a function of 

the acoustic speed and the density of the medium) at the interface 

between the fillers and the polymeric matrix has to be reduced.6 A 

model was proposed to present the efficient network for heat flow in 

the nanocomposite is shown in Fig.8 The hybrid system of Al2O3-

APS and LCPBI/RGO increased thermal conductivity by minimizing 

interfacial phonon scattering, which may be attributed to three 
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reasons. First, the strong chemical bonds formed between the Al2O3-

APS and epoxy matrix, which provided good interface compatibility, 

therefore may reduce the interfacial thermal resistance. Second, the 

LCPBI/RGO nanosheets and Al2O3-APS nanoparticles can disperse 

well in the epoxy matrix. Meanwhile the noncovalently 

functionalized graphene nanosheets with long and tortuous liquid-

crystal polyurethane on its surface increased the path for phonon 

diffusion within hybrid nanofillers. Third, the Al2O3-APS 

nanoparticles filled into the interspace of LCPBI/RGO nanosheets, 

which generated bridge between LCPBI/RGO, thus resulted in an 

increased heat transfer pathway. Through the synergetic effect of 

Al2O3-APS and LCPBI/RGO, the thermal conductivity of the epoxy 

composites could be improved, compared with the pure 

epoxy.8,10,15,17  

 

Fig.8 The model of heat flow for composites (a) Al2O3/epoxy 

(b)Al2O3-APS/epoxy and(c) LCPBI//RGO/Al2O3-APS/epoxy. 

3.4 Glass transition temperature of epoxy composites  

 

Fig.9 DSC curves of the pure epoxy and epoxy composites. 

Fig.9 shows the change in Tg for the pure epoxy and 

LCPBI/RGO/Al2O3-APS/epoxy composites. It is known that the Tg 

of epoxy usually related to the crosslinking density of the resin 

matrix.41 The glass transition temperature occurs in a wide 

temperature range, since the degree of crosslinking in the epoxy 

matrix is not uniform. There are three characteristic temperatures in 

the DSC curves, the onset temperature, the intermediate temperature 

and the end temperature. Here the intermediate temperature is 

denoted as the glass transition temperature. As shown in Fig.9, the 

Tg of pure epoxy is 178.4 oC. For the composite with only 0.3wt% 

LCPBI/RGO nanofiller, the Tg is 182.5 oC. Meanwhile, the Tgs of 

the LCPBI/RGO/Al2O3-APS/epoxy composites with 10, 15, 20, 25, 

and 30 wt% hybrid fillers are 183.5, 184.2, 186.4, 187.5, and 189.1 

oC, respectively. As mentioned above all LCPBI/RGO/Al2O3-

APS/epoxy composites in our study were added 0.3 wt% 

LCPBI/RGO. As we can see, the Tg of the composite with only 

LCPBI/RGO nanofiller is lower than those with hybrid nanofillers. 

And the Tgs of the epoxy composites tended to higher temperature 

with the addition of LCPBI/RGO/Al2O3-APS. It can be attributed to 

three factors. First, LCPBI/RGO/Al2O3-APS nanofillers restricted 

polymer chains, thus which reduced the mobility of chains. It is 

believed that the nanofillers can act as physical interlock points in 

the cured organic matrix, which usually provided a sterically 

hindered surroundings for curing reactions of composites meanwhile 

restrained the mobility of chain. Second, the amino groups and 

hydroxy groups of the nanofillers can participate in the curing 

reaction, therefore the Al2O3-APS and LCPBI/RGO moleculars 

formed a strong interface by reacting with matrix molecules during 

curing process, which lead to a higher crosslinking density. Third, 

the long and tortuous liquid-crystal moleculars of the LCPBI/RGO 

nanosheets are able to entangle with matrix moleculars thus induced 

crosslink and improved the Tg.25,42 

3.5. Thermomechanical properties of epoxy composites 

 

   

Fig.10 DMA of the pure epoxy and epoxy composites at 1Hz 

frequency: (a) storage Modulus (E′), (b) Difference in the storage 

modulus (E′) of composites and pure epoxy, (c) damping properties, 

and (d) Tg from DSC and DMA. 

The thermomechanical properties of the epoxy composites were 

assessed by using dynamic mechanical analysis. Analysis of storage 

modulus (E′) and tan δ curves have been proven to be an effective 

tool to assess the reinforcing efficiency of hybrid fillers under stress 

and temperature. Fig.10 displays the dynamic mechanical spectra as 

a function of temperature for pure epoxy and epoxy composites. Fig. 

10(a) shows the storage modulus of the pure epoxy, 

LCPBI/RGO/epoxy composite and LCPBI/RGO/Al2O3-APS/epoxy 

composites as a function of temperature. We can find, the storage 

Page 7 of 10 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

8 | J. Name., xxxx, 00, 1-3 This journal is © The Royal Society of Chemistry xxxx 

modulus of the composite with only LCPBI/RGO nanofiller is a 

little higher than pure epoxy and lower than those with hybrid 

nanofillers. It also clearly reveals that the storage modulus of the 

epoxy composites increases with increasing the loading of hybrid 

fillers from 10 to 30 wt%. Within the experimental temperature 

range, the storage moduli of the epoxy composites are significant 

higher than that of pure epoxy. Two reasons may account for the 

enhancement in the thermomechanical properties. First, the applied 

stresses are expected to be easily transferred from the matrix onto 

the hybrid fillers due to the high surface area of hybrid fillers. 

Second, the strong covalent bonding formation between hybrid 

fillers and epoxy matrix reduced the mobility of the local matrix 

during the process of epoxy curing reaction. Furthermore, to assess 

the contribution of hybrid fillers to the modulus of composites at all 

temperature, the relative modulus between the storage modulus of 

the composite (E′Composite) and the pure epoxy (E′pure epoxy) are plotted 

in Fig.10 (b). The peaks around Tg for all composites are observed 

clearly. This dramatic increase in storage modulus around Tg 

indicates that the interaction between the functional groups present 

on the surface of hybrid fillers and the epoxy matrix is strong enough 

to allow a very efficient load to transfer to the hybrid fillers. 

Meanwhile, the resulting epoxy composites containing 

LCPBI/RGO/Al2O3-APS hybrid filler kept the desired mechanical 

properties, as shown in Figure S1-S3 and Table S1. 

Fig.10 (c) shows the temperature dependence of tan δ for the pure 

epoxy and epoxy composites. The loss factor tan δ is defined as the 

ratio of the loss modulus to the storage modulus (E′′/E′), and it very 

sensitive to solid structural transformation in materials. The tan δ 

peak values also determine Tg of the composites. Fig.10 (c) shows 

that the Tg of the pure epoxy and the composites with 10, 15, 20, 25, 

and 30 wt% are 182.4, 188.0, 189.5, 192.4, 193.4, and 196.0 °C, 

respectively. For the LCPBI/RGO/epoxy composite, the Tg is 

184.7oC. On the other hand, higher tan delta peak of composites 

compared to the pure epoxy were also observed. It can be interpreted 

that the interface interaction in the matrix enhanced with the content 

of hybrid fillers. Meanwhile the internal friction increased with the 

higher interface interaction, which eventually lead to a strong 

damping behavior and show a higher tan delta peak height in DMA 

test.6,13,40,43 A comparison of the Tg values from the DMA and DSC 

data is shown in Fig.10 (d). It should be mentioned that the glass 

transition is a diffuse thermodynamic transition. The measurement 

method and sample preparation always affect the absolute value of 

Tg obtained.9 While absolute magnitudes of Tg measured by these 

different methods differ, the trend in terms of changes of Tg from 

the DMA and DSC data are quite similar. 

Fig.11 shows the storage modulus and tan delta of pure epoxy and 

its composites in multifrequency pattern at 0.1, 1, 5 and 10 Hz 

frequency. We found both the storage modulus and the glass 

transition temperature of the pure epoxy and composites increase 

with the increasing frequency. That is attributed to the polymer chain 

segment motion easier to follow the change of the external force at 

low frequency condition compared to the high frequency, the 

internal friction was smaller than those at high frequency condition. 

These temperature shifts with frequency increase allow calculation 

of α-relaxation apparent activation energy of the relaxation process, 

△E, by means of the following equation (1):44 

ln(f) = ln(f o) - △E/RT         (1) 

Where f is the vibration frequency, and T stands for the absolute 

temperature of Tg at frequency f. The α-relaxation apparent 

activation energy of the relaxation process, △E, is determined in 

regression equation with least square method. The linear fitting 

figure (the ln (f) as the Y axis and (1/T) as the X axis) was shown in 

the Fig.12 (a). In addition, Fig.12 (b) shows that the △E and 

 

Fig.11 Storage modulus and tan delta versus temperature of 

pure epoxy and its composites at 0.1, 1, 5 and 10Hz frequency: 

(a) pure epoxy; (b) 10 wt%; (c) 15 wt%; (d) 20 wt%; (d) 25 
wt%; (f)30 wt%. 

enhanced △ △E of these composites. From the E values, we found 

that the α-relaxation apparent activation energy increased with 

increasing  content of hybrid fillers. The phenomenon suggested the 

existence of matrix-filler interactions which caused by strong 

physical entangles and chemical crosslinking in the composites.45 

The entangles and cross-linking hindered the movement of 

molecular chain of resin matrix effectively. Thus with the increment 

of hybrid fillers, the resistance of molecular chain motion increased 

gradually, the glass transition temperature of composites increased.46 

 

Fig.12 (a) linear fitting of relationship between the frequency 

and temperature and (b) the △E and △E enhancement of pure 
epoxy and epoxy composites. 
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4. Conclusions 

This study has demonstrated a novel approach to improve the 

thermal properties of epoxy composites filled by hybrid 

LCPBI/RGO and Al2O3-APS fillers. The hybrid LCPBI/RGO and 

Al2O3-APS fillers were prohibited from stacking and aggregation, 

resulted in high stability in solvent and homogeneous dispersion in 

epoxy matrix with a strong interface interaction. The thermal 

conductivity of epoxy composites could be improved by hybrid 

fillers. For instance, the thermal conductivity of epoxy composite 

with 30 wt% Al2O3-APS and 0.3 wt% LCPBI/RGO was 0.329 

W/mK, increased by 105.6%, compared to that of the pure epoxy 

(0.16 W/mK). Meanwhile the Tg, storage modulus and mechanical 

properties of epoxy composites with increasing hybrid fillers were 

improved, as well as the α-relaxation apparent activation energy. 

Therefore, the hybrid fillers show significant potential as novel and 

effective additives for next generation electronic devices. 
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