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Abstract: 

Over the past decades, the development of high performance 

lightweight polymer nanocomposites and, in particular, of epoxy 

nanocomposites has become one the greatest challenges in 

material science. The ultimate goal of epoxy nanocomposites is 

to extrapolate the exceptional intrinsic properties of the 

nanoparticles to the bulk matrix. However, in spite of the efforts, 

this objective is still to be attained at commercially attractive 

scales. Key aspects to achieve this are ultimately the full 

understanding of network structure, the dispersion degree of the 

nanoparticles, the interfacial adhesion at the phase boundaries 

and the control of the localization and orientation of the 

nanoparticles in the epoxy system. In this Personal Account, we 

critically discuss the state of the art and evaluate the strategies 

to overcome these barriers.  

 

1. Introduction 
Epoxy resins are thermoset systems, which have their properties 

mainly governed by the polymer network structure formed 

through a polymerization reaction. This network can be tailored 

by an appropriate choice of the curing agent, being amines the 

most commonly used1. This leads to a versatile material with 

excellent thermomechanical properties, good heat and chemical 

resistances, low density, and high adhesiveness to many 

substrates. Hence, epoxy resins are intensively used across as 

adhesives, coatings or matrix in fiber composites in a wide range 

of fields, such as automotive, aerospace, and electronic devices. 

However, they present some drawbacks like their high 

brittleness, high tendency to uptake water, their polymerization 

shrinkage, and relatively high thermal expansion coefficient2. 

Inorganic microscale fillers have been used to solve these 

limitations but, in general, high filler contents were needed, 

which led to a dramatically reduction of the mechanical 

properties and a sensible increase in the material density.  

Over the past decades, the use of nanostructured fillers in epoxy 

systems has gained significant importance in the development of 

thermosetting composites. The incorporation of nanoparticles 

allows the desired properties to be achieved at low loading 

fractions and, therefore, limits their negative effects. The 

nanofillers are characterized by a high specific surface area 

(SSA) and long aspect ratio. In addition, they also have 

exceptional intrinsic mechanical, electrical, thermal, optical, 

electrochemical and catalytic properties. The nanoparticles most 

commonly used are: titania, silica, carbon nanotubes (CNTs), 

carbon nanofibers (CNFs), graphene, fullerenes, nanoclays, 

cellulose nanowhiskers and magnetite3,4. The combination of 

their structural and intrinsic properties is used to modify the 

properties of epoxy systems or to introduce new functionalities. 

However, despite their exceptional intrinsic properties, efficiently 

extrapolating these properties to the matrix has become the 

greatest challenge of nanocomposite development. The key 

aspects to overcome this challenge are the full understanding of 

network structure, the dispersion degree of the nanoparticles, 

the interfacial adhesion at the phase boundaries and the control 

of the localization and orientation of the nanoparticles in the 

epoxy system. This review provides a systematic overview of the 

main aspects involved in the fabrication and properties of carbon 

nanoparticles-epoxy nanocomposites. 
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2. Production of epoxy nanocomposites 
2.1 Dispersion of the CNPs 

The biggest challenge in order to attain the desired 

nanocomposite properties is to disperse the nanoparticles as 

individual particles in the epoxy matrix. However, nanoparticles 

easily form agglomerates due to adhesive forces. Furthermore, 

these forces increase with increasing SSA and decreasing 

particle size. Poor dispersion of CNTs not only dramatically 

reduces their reinforcing efficiency, caused by the CNTs slipping 

by each other when forces are applied, but also results in the 

formation of micro-voids in the nanocomposites5. Therefore, the 

way to disperse nanofillers into individually separated particles is 

considered the most important stage in nanocomposite 

processing. To date, several strategies have been used to 

disperse nanoparticles in epoxy matrices, such as ultrasonic 

methods, low and high shear mixing and functionalization of the 

nanoparticles. From personal experience and in agreement with 

other authors, shear-mixing involving a three-roll mill or calender 

(Figure 1) has been the most effective method to achieve a 

homogeneous dispersion of nanofillers into resin6-10.  

 

 

 

 

 

 

 

Figure 1. a) Schema of the three roll calendering, b) high shear zone between 

rolls. Reprinted with permission from Elsevier
7
 

 

This method involves passing the mixture through the gaps of 

parallel contra-rotating rollers at different angular velocities, 

which exert uniform high shear forces and favor the 

homogenization of the mixture. Vazquez-Moreno10 established 

an optimal processing protocol with three cycles where the roll 

gap decreased progressively while increasing their speed and 

cycle time. Such protocol included the observation of the liquid 

suspensions by optical microscopy to discriminate the best 

dispersion state. Prolongo et al.11 compared three approaches to 

dispersed GNPs in an epoxy resin, high-shear mixing, 

calendaring, and a combination of both. They observed that 

high-shear mixing resulted in a reduction of the GNPs lateral 

size by breakage, which could also increase their structural 

defects. Meanwhile, the calendering process was more effective 

and induced a partial exfoliation of the GNPs reducing their 

thickness from 20-30 nm to 2-3 nm.  

 

2.2 Cure reaction 

The performance of epoxy-based composites strongly depends 

on the network structure formed during the curing reaction. 

Hence, it is essential to study the effects of the addition of 

nanoparticles on the curing kinetics12. Calorimetry is one of the 

most commonly employed techniques for the analysis of the 

curing reaction in epoxy resins. Recently, we have developed a 

new approach based on multiple-quantum NMR experiments 

performed in low-field spectrometers to obtain the extent of 

reaction. These experiments provide molecular evidence on the 

evolution of epoxy resins during the curing process, being 

especially sensitive to the final stages of the reaction where the 

DSC does not provide information. By optimizing the pulse 

sequence, we were able to establish the kinetic parameters of 

the epoxy cure reaction, such as induction time, vitrification time, 

polymerization rate and activation energy13.  

Figure 2. Extent of reaction vs temperature at 20 °C/min of MWCNTs filled 

epoxy systems. Reprinted with permission from Elsevier
16

 

 

Independently of the type of curing agent, amine, thiols, alcohols 

or anhydrides, the curing reaction takes place via oxirane ring 

opening through the nucleophilic addition reaction. Hence, the 

conversion-temperature curves, obtained by traditional dynamic 

DSC scans, often follow a sigmoidal form, which indicates 

autocatalytic reaction kinetics. There is still some controversy on 

the effect of CNPs in the kinetics of epoxy curing. Most authors 

have reported that the incorporation of carbon nanoparticles 

facilitates crosslinking (Figure 2) by decreasing the heat of 

reaction (ΔHr) and the exothermic peak temperature14-18, which 

has been ascribed to the high thermal conductivity of the CNTs 

and the ability of the epoxy resin to open the CNT bundles 

creating a higher surface for heat propagation. However, other 

authors have observed that the addition of CNTs hinders the 

crosslinking reaction between the epoxy and hardener, ascribed 

to decrease of the fluidity of system19,20. DSC results indicated 

that the level of residual unreacted epoxy increased gradually 

with the addition of CNTs, related to the formation of bundles 

and aggregates at high loading levels. This reduction of overall 

degree of cure caused a sensible reduction in the glass 

transition temperature and the thermal stability of the 

composites. This discrepancy can be explained considering two 

possible arguments. First, the loading fraction can have an effect 

on the curing reaction and, second, the surface functionality of 

the CNPs should also be considered. Prolongo et al.21 observed 

that the incorporation of up to 5 wt.% of GNP did not have any 

catalytic effect, which was ascribed to the steric hindrance of 

GNPs that impedes the mobility of the reactants. Meanwhile, the 



    

 

 

 

 

 

addition of 5 wt.% GNPs accelerated the curing reaction of 

DGEBA. They concluded that the higher thermal conductivity of 

the sample with large GNPs concentrations overcomes the 

hindrance effect. We, on the other hand, have studied the effect 

of the surface functionality of the CNPs on the cure kinetics9. We 

analyzed the effect of thermally reduced graphite oxide (TRGOs) 

at different temperatures, from 700 to 2000 ºC, since they 

present different concentrations of functional groups on its 

structure22. TRGOs reduced at low temperatures, which have a 

large concentration of carbonyl, hydroxyl and epoxy on its 

structure, caused an acceleration of the curing reaction of an 

epoxy resin. Meanwhile, those reduced at high temperatures, 

which have almost none residual functional groups, showed a 

similar rate than the epoxy resin. Other authors have also seen 

a similar catalytic behavior by adding graphene oxide, which has 

the highest concentration of functional groups23. Hence, the 

presence of any type of functionality can result in a catalytic 

behavior of the CNPs.  

A strategy to improve the dispersion state of the CNPs and the 

interfacial adhesion at the phase boundaries has been the 

surface functionalization of the CNPs, which should in turn result 

in enhanced physical properties. However, covalent modification 

of the CNPs might also influence not only the rate of the 

crosslinking reaction of the epoxy resins but also the type of the 

curing reaction. A variety of techniques and functional groups 

have been employed to functionalize CNTs24-27. Among them, 

the carboxylation, halogenation, and amidation are the most 

commonly used methods for enhancing structural properties of 

CNT/epoxide composites. In general, functionalized MWCTNs 

bearing reactive groups located on their surface and at defect 

sites promote the nanofiller reactivity, acting as curing agents 

and accelerating the cure reaction of epoxy. Abdalla et al.24 

investigated the effect of carboxyl and fluorine surface 

modification of CNTs on the curing behavior of epoxy resins. 

They reported that the cure mechanism of the neat epoxy and 

fluorinated systems was very similar, with cure heats of 47.5 and 

47.7 kJ/mol, respectively. However, in the presence of 

carboxylated CNTs, the heat of reaction increased to 61.7 

kJ/mol, indicating a different cure mechanism. Carboxilated 

CNTs could facilitate the ring opening and generate an ester 

bond and an alcohol group; whereas the fluorinated CNTs 

appeared to act mainly as an amine curing agent. On the other 

hand, the rate constants determined by the Kamal model were 

not affected by the fluorine modifications whereas carboxylated 

CNTs resulted on a lower constant rate of the curing agent. A 

similar effect has been observed in the presence of amino 

functionalized CNTs. For instance, Yan et al.26 reported that 

these amino-CNTs acted as a secondary curing agent, 

facilitating the primary amine-epoxide reaction. This effect was 

more sensible at later stages of the curing reaction. In addition, 

they observed that increasing the concentration of amino CNTs 

up to 3 wt.% resulted in an increase of the vitrification degree. 

 

 

3. Properties of epoxy nanocomposites 
3.1. Mechanical properties 

One of the initial aims of adding nanoparticles to epoxy resins 

was to improve their mechanical properties for structural 

applications, which became a difficult endeavor, even from the 

theoretical point of view. Compared to thermoplastics, the shear 

forces generated while dispersing the CNPs in the thermosets 

matrix are much lower and the achieved dispersion state has to 

be maintained during the curing process. In addition, the CNP 

contribution to the load transfer is more effective in 

compression28, while many of the structural applications of 

epoxy resins require high mechanical performance in other 

modes. Nevertheless, notable improvements have been made 

on the mechanical performance of carbon based epoxy 

nanocomposites. For instance, Alloui et al.29 doubled the 

Young’s modulus and the yield strength of the composite by 

adding 1 wt.% of CNT and quadrupled with 4 wt.% CNT (Figure 

3). The authors concluded that the reinforcement role is much 

reduced in the case of 4 wt.% composite, due to the formation of 

agglomerates and the presence of porosity. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Stress–strain curves of the resin and its CNT composites. Reprinted 

with permission from Elsevier
29

 

 

Rafiee et al.30 comparative studied the mechanical properties of 

CNTs and graphene nanoplatelets in an epoxy resin at low 

loading fractions (Figure 4). They observed a 30 % improvement 

of the Young’s modulus with 0.1 wt.% of graphene. Fatigue 

behavior was also notable improved by the addition of graphene. 

The authors concluded that graphene outperformed SWCNT 

and MWCNT due to several reasons, which included enhanced 

specific area of the graphene platelets, improved mechanical 

interlocking/adhesion at the nanofiller/matrix interface and the 

planar geometry of the graphene platelets. Other authors 

corroborated the good performance of low loading fractions of 

graphene nanocomposites9, 31-34. 

As already mentioned, the role of CNT/polymer interface is 

decisive in the design and development of materials with 

superior mechanical and multifunctional properties. Good 

interfacial bonding leads to improved stress transfer from the 

matrix to the CNPs and imparts higher mechanical strength to 

the composite35. Surface functionalization of CNTs has been 

demonstrated as an effective method to tailor the CNT/polymer 

interface36-39. 
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Figure 4. Mechanical comparison of nanocomposites containing CNTs and 

graphene nanoplatelets, a) tensile strength and b) Young’s modulus (Halpin-

Tsai model was used for the theoretical model). Reprinted with permission 

from American Chemical Society
30

 

 

Covalent and non-covalent approaches have widely been 

carried out for the surface modification of CNTs. The simplest 

functionalization consists on the oxidation of the CNTs that 

results on CNTs bearing oxygen groups. These oxidized CNTs 

have shown to increase approximately 30 % the modulus and 

15 % the tensile strength40,41 The oxidized nanotubes can be 

used as an initial step on subsequent functionalizations, like 

fluorination40, or amination42. Amine functionalized CNT/epoxy 

nanocomposites have also exhibited a 25 % higher modulus at 

0.5 wt.% compared to un-functionalized CNT that only increased 

a poor 3.2 %42,43.Silanized CNTs behaved in a similar way44,45. 

Rathore et al.46 analyzed the role of carboxyl functionalization of 

CNTs on the interphase of epoxy nanocomposites at high 

temperatures. It is well known that the environmental 

temperature has a significant effect on the interfacial durability of 

polymer nanocomposites, and it usually decreases their 

mechanical properties. The authors observed that the debonding 

resistance of the composite can be improved by suitable 

tailoring the CNT/epoxy interfase through chemical 

functionalization. The epoxy functionalization of graphene oxide 

has also led to significant improvements on the ultimate tensile 

strength of up to 75 % with a 0.25 wt.% compared to one 

obtained without the treatment47. The authors ascribed the result 

to a better interfacial interaction between the epoxy 

functionalized graphene and the matrix observed by fracture 

surface analysis. Similar functionalization was also carried out 

for expanded graphite with analogous results. Other chemical 

routes involving isocyanates, aminobenzoyles and silanes also 

improved the interaction between graphene and the matrix with 

success48,49. 

The latest trend is the development of hybrid nanocomposites 

containing a combination of graphene nanoplatelets and CNTs. 

These hybrids have so far showed a synergic effect in flexural 

modulus when the ratio CNT/graphene was 9/1 and 5/1 in 

uniaxial tension50-52. The authors have suggested that the 

flexible CNTs can interact with graphene to form 3D hybrid 

structures, which would inhibit face-to-face aggregation of the 

graphene platelets (Figure 5). The result would be a large 

surface area of the carbon structure that would be able to 

entangle the polymer chain of the epoxy matrix and improve the 

mechanical properties.  

 

 

 

 

 

 

 

 

 

 

Figure 5. a) Idealized structure of a hybrid nanocomposite containing 

graphene and CNTs and b) stress-strain curves of the hybrids and 

nanocomposites. Reprinted with permission from Elsevier
51,52

. 

 

3.2. Electrical properties 

The extremely high intrinsic electronic and phonon transport of 

CNPs led to a shift from the initial structural pursuit to a more 

broad task where the nanocomposites could be imparted with an 

conductive character. Hence, the CNP/epoxy nanocomposites 

could act not only as a structural material but also a functional 

one.  

The goal to achieve an electrically conductive material is to 

disperse the CNPs creating a continuous filler network that 

guarantees conductive pathways within the polymeric matrix. 

Such conductive network is usually achieved at a certain 

concentration of the CNP, which is denoted as the electrical 

percolation threshold. It is important to consider that the 

functionalization approaches of CNPs usually improves the final 

dispersion state of the CNPs, which facilitates the required 

percolated network, but functionalization processes often alter 

the molecular structure and/or geometry of the CNPs decreasing 

their intrinsic electrical properties. In addition, added CNPs 

usually present a surrounding thin layer of insulating polymer 

matrix that will be promoted by any surface functionalization, 

which will be a barrier to the electronic transport through the filler 

network52,53. In conclusion, a specific functionalization can lead 

either to an improvement on the electrical conductivity or to a 

decrease on the electric conductivity. Table 1 summarizes the 

main results obtained on electrical percolation in CNT/epoxy 

nanocomposites. Sandler et al.55 studied the electrical 

conductivity of CNT epoxy nanocomposites obtaining very low 

percolation threshold of 0.0025 wt.% for CVD MWCNTs (Figure 

6). Since the first publication on the subject in 199956, a huge 

number of papers dealing with the electrical properties of 

CNT/epoxy nanocomposites can be found in the literature (see 

Table 1). In the case of graphene nanocomposites, we find a 

higher percolation threshold than with CNTs nanocomposites. In 

general, the electrical percolation network is found in the range 

of 1–2 wt.%. Recently, Li et al.57, prepared graphene/epoxy 

nanocomposites with a relatively low percolation threshold of 

0.52 vol.% and a high electrical conductivity of 10-2 S/m at 3 

wt.% GNP. The authors produced the nanocomposites in-situ 

through the process of three-roll milling with high conversion of 

graphite to graphene nanoplatelets with average aspect ratios of 



    

 

 

 

 

 

300-1000 and thickness of 5-17 nm, without the need of any 

additives, solvents, compatibilizers or chemical treatments.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Conductivity as a function of wt.% of CNT (p). The insert shows a 

log–log plot of the conductivity as a function of p−pc, pc is the percolation 

threshold. Reprinted with permission from Elsevier
55

. 

 

The electromagnetic interference shielding effect (EMI) of 

graphene has also been measured and probed that the 

shielding effectiveness of the nanocomposite increases with 

the loading of graphene, which is mainly attributed to the 

formation of conducting interconnected graphene-based sheets 

networks in the insulating epoxy matrix58-61. The target value of 

the EMI shielding effectiveness needed for commercial 

applications is around 20 dB, value that was obtained for a 

concentration of 15 wt.% of graphene as shown in Figure 7.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. EMI shielding effectiveness for epoxy/graphene nanocomposites. 

Reprinted with permission from Elsevier
58

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Summary of the experimental results concerning the electrical 

properties of carbon nanoparticles/epoxy nanocomposites. 

Filler Funct. 
Dispersion 

method 

pc 

(wt.%) 

σmax 

(S/m) 

MWCNT - Stirring 0.0021 10
-3

@0.01 wt.%           
62

 

MWCNT - Stirring 0.0025 2·10
0
@1 wt.%             

55 

MWCNT - Stirring 0.0025 4·10
-1

@0.5 wt.%          
63

 

MWCNT - Stirring 0.0039 2·10
-4

@0.01 wt.%       
63

 

SWCNT - Sonication 0.005 2·10
-2

@0.1 wt.%         
64

 

MWCNT - Stirring 0.011 4·10
-1

@1 wt.%             
65

 

MWCNT - 
Sonication + 

stirring 
0.03 5·10

-1
@0.15 wt.%        

56
 

MWCNT - 
Calendering 

+ stirring 
0.03 1·10

-2
@0.3 wt.%           

6
 

MWCNT Acid Sonication 0.034 1·10
-1

@2 wt.%            
66

 

SWCNT - 
Sonication + 

stirring 
0.04 1·10

1
@4 wt.%             

67
 

SWCNT Thermal ox. 
Sonication + 

pump 
0.074 1·10

-3
@0.2 wt.%          

68
 

SWCNT Acid Stirring 0.08 2·10
-2

@0.4 wt.%          
69

 

SWCNT Acid Sonication 0.1 2·10
-6

@0.1 wt.%          
70

 

MWCNT - Sonication 0.1 2·10
-1

@1 wt.%             
71

 

DWCNT - 
Calendering 

+ stirring 
0.15 1·10

-2
@0.6 wt.%          

6
 

MWCNT Amine 
Calendering 

+ stirring 
0.25 1·10

-2
 @0.6 wt.%          

6
 

DWCNT Amine 
Calendering 

+ stirring 
0.25 3·10

-4
@0.6 wt.%           

6
 

MWCNT UV/O3 Sonication 0.27 2·10
-2

@1 wt.%             
71

 

SWCNT - Infiltration 0.3 5·10
-1

@3 wt.%             
72

 

SWCNT - 
Sonication + 

stirring 
0.3 1·10

-2
@2.5 wt.%          

73
 

SWCNT - Manual 0.6 1·10
-2

 @14 wt.%          
74

 

MWCNT - Stirring 0.6 5·10
-3

@10 wt.%           
75

 

MWCNT - Stirring 0.7 5·10
0
@4 wt.%             

29
 

MWCNT Acid 
Sonication + 

stirring 
3.5 1·10

-5
@8 wt.%             

76
 

MWCNT - 
Calendering 

+ stirring 
<0.5 3·10

-2
@2 wt.%             

77
 

MWCNT - 
Sonication + 

stirring 
<0.5 3·10

-1
@1.5 wt.%          

78
 

MWCNT - Calendering - 1·10
-2

@0.5 wt.%          
79

 

SWCNT Acid Sonication 0.05 1·10
-4

@5 wt.%             
80

 

MWCNT Surfactant Sonication 0.06 1·10
-2

@0.25 wt.%        
81

 

MWCNT -  2.7 1·10
-5

@5 wt.%             
82

 

MWCNT 
Non-

covalent 
Sonication 0.15 1·10

-6
@0.25 wt.%        

36
 

GNP - Calandering 0.52 1·10
-2

@3.0 wt.%          
57

 

MWCNT - Sonication 0.20 1·10
-5

@1.0 wol.%        
83

 

GNP - Sonication 0.10 1·10
-2

@1.0 wol.%        
84

 

GNP - Sonicación 0.6 1·10
-6

@2.0 wol.%       
85

 



    

 

 

 

 

 

3.3. Thermal conductivity 

As for the electrical conductivity, the thermal conductivity (κ) 

enhancement of CNP/epoxy nanocomposites strongly depends 

on the formation of a conductive filler network through the matrix. 

Researchers have revealed two main issues associated with 

CNPs/polymer nanocomposites for heat transfer: the first one is 

that CNPs tend to aggregate into ropes or bundles and the inert 

graphite-like surface, causing poor dispersion; the second is 

related to the high interfacial thermal resistance caused by the 

phonon mismatch at the interface of the CNPs and the polymer, 

leading to severe phonon scattering and a drastic reduction of 

thermal transport properties86,87. In addition, the thermal 

transport through the CNP network by phonons is strongly 

hindered by the gaps between adjacent particles. Hence, these 

issues have hindered the attainment of CNP/polymer 

nanocomposites with high thermal conductivity. Biercuk et al.88 

obtained large improvements of the κ at room temperature, of 

about 120 %, at 1 wt.% loading of SWCNT. The authors 

observed that the enhancement in SWCNT/epoxy samples rised 

much more rapidly than in CNF/epoxy composites (Figure 8). 

Similar results can be found elsewhere89-105. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. κ enhancement as function of SWNT and CNF loading. Reprinted 

with permission from AIP Publishing LLC
88

 

 

However, the absolute values of the thermal conductivity of 

CNPs/epoxy nanocomposites are far below the values expected 

from the exceptionally high thermal conductivity of the nanofillers. 

Such low efficiency is attributed to a poor thermal conductance 

interface between the nanofiller and the epoxy resin, due to their 

weak interactions. Several surface functionalization have been 

used investigated to reduce the phonon vibrational modes93, 106-

108. Recently, Zhao et al.93 reported a 189 % increase of the 

thermal conductivity of a 10 wt.% epoxy-functionalized graphene 

(G-EP system, reaching values of up to 3.138 W/mK (Figure 9). 

The authors attributed these enhancement to three factors: i) the 

controllable functionalization ensured the excellent properties of 

pristine graphene largely inherited by G-EP; ii) the introduced 

epoxide moieties facilitated G-EP to be well dispersed in epoxy 

matrix, and iii) the covalent reaction between G-EP and 

triethylenetetramine hardener strengthened the mechanical 

adhesion at the filler-matrix interface. However, as with the 

electronic transport, the functionalization not always improves 

the heat transfer of the final material. Some studies have 

reported this negative effect due to a disruption of the phonon 

transport characteristics of CNPs, increasing phonon scattering 

at the interface6,108,109.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Thermal conductivity of epoxy composites as a function a) G-EP and 

b) pristine graphene. Reprinted with permission from Elsevier
93

 

 

An exceptional high thermal conductivity has been reported due 

to the synergic effect of hybrid systems84, 102,103,110,111. Hybrids of 

graphene or graphite with MWCNT showed an important 

synergy and improved κ more than 120 % respect to the neat 

epoxy resin and 90 % respect to the composites containing 

individual MWCNT or graphene. Recently, Jiang et al.102  have 

developed a new organic-inorganic hybrid composed of 

thermally reduced graphene oxide and ZnO tetrapods 

functionalized with amine groups (TGO1000@T-ZnO). They first 

grafted the amine groups to the surface of the T-ZnO, to 

facilitated the coating with GO sheets by forming covalent bonds, 

and then annealed this system, GO@T-ZnO, at 1000 ºC to 

reduced the GO. The authors reported a thermal conductivity of 

5.06 W/mK for the epoxy composites with 65 vol.% hybrids, 

which is 27 times higher than the neat epoxy resin. Huang et 

al.103 also fabricated an organic-inorganic hybrid made of 

hexagonal boron nitride, h-BN and reduced GO. The thermal 

conductivity of the hybrid is higher than pristine h-BN at the 

same filler concentration. The conductivity gradually increased 

when increasing hybrid content, achieving the highest thermal 

conductivity, of 3.45 W/mK for 26.04 vol.% filler. The authors 

suggested that h-BN-RGO avoided the agglomeration of h-BN 

fillers and the formation of voids. 

Other promising approach to achieve materials with high thermal 

conductivity is the preparation of nanostructured composites 

containing aligned carbon nanoparticles63, 112-115. For instance, 

Marconnet et al.114 reported axial thermal conductivities of up to 

4.87 W/mK by adding 16.7 vol.% of aligned MWCNTs. In 

addition, the authors observed that the CNT alignment resulted 

in a significantly anisotropic thermal conductivity (kaxial and 

ktransverse ≈ 2-5), which is higher at higher CNT volume fractions 

(Figure 10). 

 

 

 



    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. The axial and transverse thermal conductivity of CNT 

nanocomposites and unfilled CNT forests as a function of volume fraction. 

Reprinted with permission from American Chemical Society
114

 

Conclusions 

We have reviewed the current progress on the production, and 

properties of epoxy nanocomposites. Although this field has had 

an important body of research, it has led to limited commercial 

applications. This is mainly due to lack of a proper 

understanding of the multiscale interfacial interactions and the 

resultant network structures, which is primary related to a 

deficient control of the processing conditions of the epoxy 

nanocomposites. The full exploitation of graphene filled 

nanocomposites will be determined both by the level of CNP 

dispersion and alignment, and by the cost-effective 

manufacturing of the final material. 
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