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ABSTRACT 

Polymer composites with enhanced mechanical and functional properties are highly 

desired to develop light-weight function-integrated structures and devices. In this 

study, one kind of urchin-like hybrids was synthesized by in-situ growing CNTs on 

alumina microspheres (μAl2O3), and their reinforcing effects to epoxy were 

investigated in detail. It was found that as compared to pure epoxy the CNTs-μAl2O3 

hybrids/epoxy composites possess highly improved electrical, dielectric, thermal and 

mechanical properties, achieving an enhancement as high as 5 orders of magnitude in 

the AC conductivity, 92 % and 56 % in the thermal diffusivity and thermal 

conductivity, respectively, and 26 % in the Young’s modulus, when CNT mass 

fraction used was 2 %. Detailed analyses and various microstructural 

characterizations were also conducted in order to understand the multiscale 

reinforcement effects. The significant enhancements observed are mainly due to the 

urchin-like structure and improved CNT dispersion in the epoxy matrix.  

Keywords:  Carbon nanotube, Hybrid structure, Epoxy Composite 
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1. Introduction 

Nowadays polymer matrix-based composites, both thermosetting and thermoplastic, 

are extensively used in the fields of automotive, electronic packaging, new energy and 

construction, due to their low weight, high strength, high corrosion resistance, etc.[1, 

2] Carbon nanotube (CNT) is one-dimensional nanostructure which have large surface 

area, high aspect ratio and extraordinary properties. And CNT-reinforced polymer 

composites are expected to have excellent mechanical and functional properties.[3, 4]  

Despite great efforts have been made from both academy and industry in past decades, 

the CNT composite properties are still much lower than the expected values.[5, 6] 

Two greatest stumbling blocks are the difficulty of homogeneous dispersion and the 

lack of control over the alignment of CNTs in polymer matrix. [7]  

A number of methods have been developed to improve CNT dispersion in polymer 

matrix. Surface functionalization is one of the commonly used approaches whose 

principle is to attach chemical groups or molecules on CNT sidewall or ends using a 

chemical, physical or electrochemical way.[8, 9] The covalent functionalization is 

generally achieved by strong acidic or basic oxidation, halogenation, hydrogenation, 

cycloaddition, radical addition, plasma treatment, etc.[3, 8, 10, 11]. This unavoidably 

generates π conjugation disruption, sidewall defects and shortening of nanotubes, and 

significantly impacts the composite mechanical properties and more profoundly their 

thermal and electrical properties. The non-covalent ways such as polymer 

wrapping[12, 13] and surfactants[14], based on van der Waals forces or π-π stacking, 

are still limited due to the low thermal stability and weak mechanical performance of 
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surfactants, compatibility, etc. Thus, a compromise between good dispersion and 

property deterioration is generally made for the available CNTs-contained 

composites.  

Some studies have also been made to develop hybrid polymer composites 

reinforced by the mixture of microparticles and CNTs functionalized or as-produced. 

It is well known that microparticles-reinforced polymer composites are one of the 

most widely used reinforcing fillers of polymers used in the fields of paints, adhesives, 

dielectric layers, thermal conductive layers, etc. The microparticles include silica, 

alumina, silicon carbide, etc. [15] Yet a high mass fraction is commonly required to 

obtain an observable functional property improvement, which in turn greatly increases 

the composite density and makes the polymer very fragile. Thus, the partial 

replacement of micrometric particulates by CNTs may generate improved 

performance while reducing composite mass. Indeed, a number of multiscale polymer 

composites have been reported with different mixture systems consisting of carbon 

nanomaterials and inorganic fillers, such as MWCNT/clay [16-18], CNT/Graphene 

nanoplatelets [19, 20], CNT/BN[21], CNT/BaTiO3[22] and others[23]. Additionally, 

the mixtures have also been widely used as fillers for ceramic [24] and metal 

matrix-based composites [25]. The improved properties have been reported, which 

may partially attribute to increased dispersion of CNTs thanks to the existence of 

microparticles. 

The hybrid structures consisting of CNTs strongly grafting on microparticles are 

expected to take good advantage of nano and micro synergistic reinforcements.[26, 27] 
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The organized hybrid structures favor the control over CNT alignment in the 

composites. The hybrid structures have been reported to be successfully synthesized 

by in-situ growing CNTs on various micrometer materials, such as ceramic particles 

(Al2O3, SiC, BaTiO3, TiO2, etc.), graphene nanoplatelets (GNPs), and fibers (carbon, 

alumina, glass, etc.).[20, 28-32] Also, some studies show that the hybrids-reinforced 

nanocomposites have the improved mechanical and multifunctional properties, 

compared to a random mixture of CNTs and microparticles.[20, 33] It was well 

known that CNT growth and self-organization on the microparticles depend greatly 

on the substrate crystallization structure and morphologies, as well as CVD conditions 

used.[28, 31, 34] In most cases reported, the CNTs bundles (agglomerated) have been 

found, especially for long CNTs.[29, 35], which may generate structural defects in 

composites. Therefore, it is highly desired to have one kind of hybrid structure with 

well-dispersed but aligned CNTs in order to explore to a great extent their hybrid 

reinforcing role in mechanical and functional properties.  

In this communication, we presented one kind of urchin-like hybrid structures with 

CNTs individually and radially distributed and grafted on μAl2O3, which is produced 

by a CVD method. The epoxy-based composites containing the hybrids were prepared 

with as-produced CNTs-μAl2O3. A significant improvement on the overall composite 

properties was achieved by incorporating urchin-like hybrids in epoxy matrix with 

relatively low CNTs loadings.  

2. Experimental 

2.1 In-situ CVD synthesis of urchin-like CNTs-μAl2O3 hybrids 
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The synthesis of the CNTs-μAl2O3 hybrids was carried out by CVD in a quartz tube 

which was heated by an electrical resistance furnace (CARBOLITE
®
), as reported in 

reference [28]. Briefly, spherical μAl2O3 particles of 1-10 μm in diameter, purchased 

from Performance Ceramic Company (Peninsula, OH, USA), were served as 

substrates which were homogeneously spread over a quartz plate (30mm in 

width×500mm in length). The quartz plate with the microparticles was put inside the 

quartz tube, and heated in the presence of a gas mixture of argon and hydrogen. 

Herein, the gas flow rates, argon 0.8 L min
-1

 and hydrogen 0.2 L min
-1

, were precisely 

controlled by a set of electronic mass flow meters (Bronkhorst
®
, France). After 

heating about 30 min at the given temperature 800 ºC, a xylene (ACS, 98.5%, Alfa 

Aesar) solution dissolved with 0.05 g ml
-1 

ferrocene (ACS, 99% Powder, Alfa Aesar) 

was injected at a speed of 12 ml h
-1 

into the reactor by a syringe injector in form of 

spray. The sprayed solution was carried into the reaction zone by the carrier gases 

with a total flow rate of 1 L min
-1

. Herein, the ferrocene was served as catalyst 

precursor. The solution injection time was 15 min. After, the furnace was cooled 

down to room temperature under argon protective atmosphere (1 L min
-1

). The CNTs 

weight ratio in the as-synthesized urchin-like hybrids was about 20 wt. % according to 

thermogravimetric analysis (TGA) results.  

 

2.2 Composite preparation  
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Table 1.Varied mass fractions of the urchin-like CNTs-μAl2O3 hybrids (wtCNTs-μAl2O3) 

in the epoxy matrix composites, as well the ones of CNTs (wtCNTs) and alumina 

microparticles (wtμAl2O3), and the volume fraction of CNTs (fCNTs). 

Sample  
wtCNTs-μAl2O3 

(wt. %) 

wtCNTs 

(wt. %) 

wtμAl2O3 

(wt. %) 

fCNTs 

(vol. %) 

Baseline-Pure epoxy 0 0 0 0 

Hybrid/Epoxy1 0.5 0.1 0.4 0.057 

Hybrid/Epoxy 2 1.5 0.3 1.2 0.17 

Hybrid/Epoxy 3 2.5 0.5 2 0.29 

Hybrid/Epoxy 4 5 1 4 0.59 

Hybrid/Epoxy 5 10 2 8 1.22 

 

The polymer matrix used in this study was epoxy resin (1080S, Resoltech Ltd., 

France) with curing agent (1084, Resoltech Ltd.). Firstly, the as-synthesized 

urchin-like CNTs-μAl2O3 hybrids were manually mixed slightly with epoxy resin at 

varied mass fractions as shown in Table 1. Then, the mixtures were further dispersed 

using a three-roll mill (EXAKT 80, Germany), following the following preparation 

protocol: 50 µm for the gap between the rollers, 20 rpm for the roller rotation speed, 

and 20 min for the dispersion time. After, the curing agent was added to the collected 

suspension at mass ratio of 1/3 to the epoxy resin, and then manually mixed to obtain 

a homogeneous suspension. Then, the resulting mixture was firstly degassed for 30 

min at room temperature in a vacuum oven, and then poured into an aluminum mold 

with dumbbell-shape and square, which was then fasten with 4 screw bolts. The 

composites were obtained by cured at 60 ºC for 15 h. Dumbbell-shape samples with 1 
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mm in thickness, 50 mm in length and 4 mm in gage width were obtained and 

edge-polished for tensile testing according to ASTM D638. The samples with 

dimension about 10 mm × 10 mm× 1 mm were achieved for dielectric property, ac 

conductivity and thermal conductivity measurements.  

 

2.3 Characterizations 

2.3.1 Thermogravimetric analysis (TGA)  

 TGA of the CNTs-μAl2O3 hybrids was carried out using a thermal 

analyser (NETZSCH STA 449 F3), under a mixed atmosphere of oxygen and nitrogen 

with a flow rate of 20: 20 ml min
-1

, respectively. The analysed temperature range was 

from room temperature to 700 ºC with a heating rate of 10 ºC min
-1

.  

2.3.2 Microstructure characterization 

The CNTs-μAl2O3 hybrids structures and the composite sections were characterised 

using a scanning electron microscope (SEM, LEO 1530 Gemini). Herein, the 

composite samples with different hybrid weight fractions were fractured in liquid 

nitrogen in order to keep their original matrix states, and the fractured surfaces were 

coated by a thin layer of gold to increase the samples’ surface conductivity. 

2.3.3 Electrical and dielectric properties 

The AC conductivity and dielectric properties including dielectric permittivity (ε’) 

and loss tangent (tan δ) of the composites were measured using an 

impedance/gain-phase analyzer (Solatron 1260) with the frequency range from 10
2
 to 



 

 9 

10
7
 Hz at 1 Volt at room temperature. The sample size used was 10 mm × 10 mm, and 

their double faces were coated with silver conductive paint before measurement.  

According to the impedance magnitude (Z*) and impedance phase () measured, 

the following parameters can be calculated:  

Z= Z cos(),  Z=  Z sin() 

   
 

   

  

      
 ,     

 

   

 

      
 ,      

 

 
 ,  =2f 

=  0 , =  0 ,   

Tan  =  /  

where, Z and Z are real and imaginary part of the impedance, respectively,    and 

 are effective dielectric permittivity and dielectric loss, respectively,  0 is the 

vacuum  dielectric permittivity, S and d are the area and thickness of the sample, 

respectively,  and  are real and imaginary part of AC conductivity, respectively, 

and  tan  is loss tangent. 

2.3.4 Thermal conductivity 

The room temperature thermal diffusivity (α)and conductivity (λ) of the composites 

were measured by using nanoflash method (NETZSCH LFA 447). The sample size 

was 10 mm × 10 mm × 1 mm. Epoxy samples were coated with graphite before the 

measurement. Then, the composite thermal conductivity was determined according to 

the following equation: 

λ = ρ·Cp·α 

where ρ is the composite density, and Cp is the composite specific heat which can 

be obtained during the measurement simultaneously. 
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2.3.5 Mechanical properties 

The tensile tests of the dumbbell-shaped composite samples were carried out with a 

machine (Instron 5544 with a 2 kN load cell) at a fixed displacement rate of 0.2 mm 

min
-1

. The strain was calculated according to the longitudinal deformation ratio 

recorded by a non-contacting video extensometer. For evaluating the Young’s 

modulus and ultimate tensile strength of the composites, three samples at each 

CNTs-μAl2O3hybrid fraction were tested under the same condition.   

 

3.  Results and discussion  

3.1 Urchin-like CNTs-μAl2O3 hybrid structures 

  

Figure 1. SEM images of the urchin-like hybrid structures consisting of multi-walled 

carbon nanotubes and alumina microspheres: (a) low and (b) high magnification.  

 

In general, CNTs have huge surface area to volume ratios and aspect ratios, and are 

considered therefore as one kind of the ideal fillers to create polymer 

multifunctionalities. MWCNTs synthesized by CVD are commonly grown on surface 

of a plate (e.g. quartz) and formed a carpet-like layer with a thickness from several to 

(a) (b) 
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hundreds of micrometers. Most of MWCNTs are aligned perpendicularly on the plate 

surface, but there are still a large number of entangled nanotubes which greatly hinder 

their homogeneous dispersion in polymer matrix, and thus restrict the composite 

properties and their large-scale applications. In contrast, nowadays micrometer 

particles or fibers have been industrially used as polymer fillers due to their good 

dispersion properties and cost-efficiency. A combination between microparticles and 

CNTs could improve CNTs’ dispersion in polymer and generate high performance 

multifunctional composites by a cost-efficient way.  

In this study, MWCNTs were produced by a floating CVD method using 

commercially available alumina microparticles of several micrometers in diameter as 

substrates. It was noticed that the growth of CNTs followed a bottom-up growth 

model. Under the experimental condition used, ferrocene and xylene can be 

efficiently decomposed by releasing active iron atoms and carbon clusters which keep 

high catalytic activity of iron nanoparticles and highly efficient carbon feeding for 

CNT growth on μAl2O3, respectively. According to microscopy analysis, the 

synthesized MWCNTs had an average diameter around 50 nm and an average length 

about 40 μm, corresponding to a growth rate about 2.5 μm min
-1

. 

The synthesized nanotubes are almost individually distributed on μAl2O3 surface. 

The surrounded rigid nanotubes and microspherical alumina core form an urchin-like 

hybrid structure as shown in Fig. 1. Meanwhile, the vacant μAl2O3 surface was also 

covered by a very thin carbon layer which was deposited during CVD process and 

also made μAl2O3 as conductive that was seen in SEM observation. 
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Figure 2. TG and DTG curves of the as-produced urchin-like CNTs/Al2O3 hybrids.  

The MWCNTs in urchin-like hybrids have also good thermal stability. Figure 2 

shows the thermogravimetric (TG) curve and derivative thermogravimetric (DTG) 

curve of the CNTs-μAl2O3 hybrids obtained by thermogravimetric analysis. It can be 

found that the nanotubes were thermally stable up to 500 ºC under oxygen and 

nitrogen atmosphere, and the weight loss occurred between 500 and 600 ºC due to 

CNT oxidization. The maximum decomposition temperature was observed at 590 ºC 

(as indicated by DTG curve) under the condition used. The residual mass above 600 

ºC corresponds to the one of alumina microparticles. Therefore, it can be deduced that 

the CNTs weight ratio in the as-synthesized urchin-like hybrids was about 20 wt. % 

according to the measured TG curve.  

3.2 Urchin-like CNTs-μAl2O3 hybrids reinforced composites 

The as-synthesized urchin-like CNTs-μAl2O3hybrids consist of ceramic alumina 

microparticles and surrounded high rigid CNTs. Meanwhile, the vacant μAl2O3 

surface was covered by a very thin carbon layer during CVD process which made 
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μAl2O3 conductive as seen in SEM observation. This kind of hybrids is expected to 

have good multifunctional reinforcement effects when they are added as fillers into 

polymer to produce nano/micro composites. In this study, widely-used thermosetting 

epoxy resin was chosen as polymer matrix to demonstrate the multifunctional 

reinforcing roles of the urchin-like hybrids.   

The nano/macro composites prepared are shown in Table 1. At each concentration 

wtCNTs-μAl2O3, the CNTs-μAl2O3hybrid dispersion state was examined with an optical 

microscope every 5 min. Take the dispersion of wtCNTs-μAl2O3=2.5 % CNTs-μAl2O3 

hybrids in epoxy resin for an example. The optical microscopy images (shown in 

Fig.3) demonstrate that the urchin-like hybrids can be easily dispersed in epoxy resin. 

And a homogeneous distribution could be found within 5 minutes’ dispersion for low 

concentration hybrids even though the roller gap used was as large as 50 μm. In order 

to having the same dispersal procedure for all the composites with different hybrid 

concentrations, twenty-minute dispersion time was used in this study. Indeed, with the 

increase of the hybrid mass fraction, the resin viscosity increases greatly, especially at 

10 wt. %.  

    

Figure 3. Evolution of dispersion state of the 0.5 wt. % urchin-like CNTs-μAl2O3 hybrids in 

epoxy resin with the increasing of the dispersion time: (a) 5 min, (b) 10 min, (c) 15 min and (d) 

20 min. 

(a) (b) (c) (d) 
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Figure 4. SEM images of the cross-section of pure epoxy (a) and of the composites 

with varied mass fractions of the hybrids: (b) 0.5 %, (c) 1.5 %, (d) 2.5 %, (e) 5 % and 

(f)10 %. 

Figure 4 shows SEM images of the cross sections of the composites with varied 

fractions of the hybrids. No agglomeration of hybrid particles is found, and CNTs are 

well dispersed in the epoxy matrix. Meanwhile, it can be seen that CNTs are around 

μAl2O3 zone, and some of them attach on the alumina surface, and others have 

(c) 

(a) 

(d) 

(b) 

(e) (f) 
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detached. Obviously, the increased number of CNTs ends emerges from the matrix 

with the increase of the hybrid concentration in the composite. 

 

3.3 Electrical conductivity and dielectric properties of the hybrid composites 

The room temperature dielectric permittivity (ε’), loss tangent (tan δ) and AC 

conductivity of the urchin-like hybrid reinforced composites from 10
2
 to 10

7
 Hz are 

shown in Fig. 5. First, we can find both ε’ and tan δ of epoxy show a clear frequency 

dependence. But at higher frequency (10
6 

Hz), there is a small plateau in tan δ curve 

which is caused by the releasing of polymer segment orientation. The dielectric 

properties of the composites with different wtCNTs-μAl2O3 show strong frequency and 

weight fraction dependence especially at low frequency range (10
2
-10

4
 Hz). There is a 

dramatic increase happening in both ε’ and tan δ when the fraction wtCNTs is close to 1 

%. This can be explained by classical percolation theory.[36, 37] In our system, when 

CNTs weight fraction is low (less than 1%), epoxy layers isolate the conductive CNTs 

and the network of micro-capacitors fails to form, which makes ε’ at the low level. 

However, when wtCNTs approaches to the critical value (percolation threshold), each 

micro-capacitor will be correlated with the significant increase in the intensity of the 

local electric field. This usually generates surface plasma resonance or charge 

injection at the CNT-epoxy matrix interfaces which promotes the migration and 

accumulation of the charge carriers and consequently cause the interfacial 

polarization. It is because the interfacial polarization makes the ε’ increase sharply at 
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the low frequency. We use the linear fit of AC conductivity to get the percolation 

threshold for the composites by the power law: 

                                 

where σc and σf are the conductivities of composites and conductive fillers; f and fc 

are the volume fraction of the fillers and percolation threshold for the system, 

respectively; s is the dimensionality-dependent critical exponent.  

The result of linear fitting for the composites is shown in Fig. 5d and we find that 

the best linear fit gives s =1.25 which agrees with the universal one (in the range from 

0.7 to 1.3). [36] The percolation threshold fc is 0.76 %, corresponding wtCNTs= 1.3%, 

calculated by CNT’s volume fraction according to the experimental data. Compared 

with common CNT reinforced epoxy composites, fc in our system is really small. The 

perhaps reason for this low percolation threshold is attributed to the special structure 

of urchin-like hybrids which improve the homogeneous dispersion of CNTs in epoxy 

matrix, avoiding CNT’s agglomeration. Besides, this structure may also conversely 

prevent the restacking of μAl2O3 particles and create more area of interfaces in the 

composites and thus enhance the synergistic effect of μAl2O3 and epoxy. It is 

beneficial for better taking advantage of the original high dielectric properties of 

μAl2O3 which also favors to reduce fc in the composites. Hence, this urchin-like 

structure of hybrids is favorable to achieve extremely low CNT’s percolation 

threshold in the composites. 

After fitting and explaining the percolation phenomenon of the composites, it is 

easy to understand the plateau in tan δ curve at 100 Hz of the composite with 1 wt. % 
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CNTs. As the CNT’s fraction of 1 % is approaching to fc, more charges accumulate at 

interface and arouse stronger polarization. Thus the response plateau in tan δ will 

appear at 100 Hz. While for the composites with lower CNT’s fractions, the 

polarization needs longer time and then the response plateaus will appear at much 

lower frequency. In addition, the value of ε’ and tan δ for 2 wt. % composite is much 

higher than others which also provides the evidence for the percolating behaviour 

since when the volume fraction is over fc, both tan δ and ε’ are extremely high due to 

the formation of CNT percolation network in the composites.  

The frequency dependence of AC conductivity in Fig. 5c is also provided evidence 

for the evolution for CNT’s network. It is could be found that the AC conductivity of 

the composite increases both with the wtCNTs-μAl2O3 and the frequency when the 

hybrid’s content at a low level. Meanwhile, the effect of CNTs-μAl2O3 reinforcement 

on the composite conductivity becomes less evident with the increase of the 

frequency. However, a huge improvement is seen when the wtCNTs-μAl2O3 is beyond 2.5 

wt%. When wtCNTs-μAl2O3 is 10%, the composite conductivity becomes frequency 

independent and shows a conductive behaviour. This indicates that the CNT 

conductive network is gradually constructed when the hybrid mass fraction is beyond 

2.5 wt. %. 
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Figure 5.  Frequency dependence of the dielectric properties of the composites with 

viared wtCNTs from 10
2
 to 10

7
 Hz: (a) dielectric permittivity, (b) loss tangent and (c) 

AC conductivity. (d) the AC conductivity at 10
6
 Hz and the inset graph is the best 

liner fitting according to percolation threshold theory. 

 

3.4 Thermal conductivity  

Both CNTs and alumina are two excellent thermal conducting fillers to epoxy based 

composites, due to their outstanding thermal conductivity as high as 3000 Wm
-1

K
-1

 in 

theory for CNTs[38, 39] and ~ 20 Wm
-1

K
-1

 for alumina[40]. Therefore, the 

incorporation of the urchin-like CNTs-μAl2O3 hybrids in polymer matrix is expected 

to obtain a great improvement of the composite thermal conductivity by forming a 

(a) (b) 

(c) (d) 
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ternary phase composite microstructure. The thermal conduction property of the 

urchin-like CNTs-μAl2O3 hybrid reinforced composites was investigated at room 

temperature by a Nanoflash method. First, the addition of CNTs-μAl2O3 hybrids 

generates a quasi linear increase of the thermal diffusivity of the composites with 

wtCNTs-μAl2O3, as shown in Fig 6a. The measured α of pure epoxy is low, about 0.147 

mm
2
 s

-1
, due to their irregular molecular chain arrangement after curing. An increase 

of near 25 % of the hybrid composite α is achieved when wtCNTs-μAl2O3 was 0.5 % 

corresponding to wtCNTs =0.1 %. The improvement became more evident when 

wtCNTs-μAl2O3 is above 2.5 wt.%. The composite thermal diffusivity attains as high as 

0.203 and 0.283 mm
2
 s

-1
 when wtCNTs-μAl2O3 were 5 % and 10 %, corresponding to an 

enhancement of 35 % and 92 %, respectively. It is well known that material thermal 

diffusivity defines the speed of heat propagation by conduction during changes of 

temperature, and the high thermal diffusivity generates the fast heat propagation. 

  

Figure 6. Evaluation of the thermal diffusivity-α (a) and thermal conductivity-λ (b)of 

the compsoites with the mass fraction of the urchin-like CNTs-μAl2O3 hybrids. 

(a) (b) 
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Second, the thermal conductivity (λ) of the composites is associated with the 

composite density (ρ), specific heat (Cp) and thermal diffusivity (α), defined by 

equation λ = ρ·Cp·α. The addition of CNTs-μAl2O3 hybrids generates the increase of 

composite density, mainly due to the high density of alumina (~ 3.69 g cm
-3

), but the 

decrease of composite specific heat with wtCNTs-μAl2O3. Therefore, the experimental 

results show that the composite thermal conductivity varies little when the 

wtCNTs-μAl2O3 is below 2.5 wt. %. A further increase of the hybrid fraction produces a 

rapid improvement of the composite thermal conductivity, due to greatly increased 

composite density and thermal diffusivity. The λ reaches up to 0.29 and 0.39 W K
-1

 

m
-1

 at wtCNTs-μAl2O3 5 wt. % (wtCNTs=1 %) and 10 wt. % (wtCNTs=2 %), corresponding 

to an increase as high as 16 % and 56 %, respectively. As we know that thethermal 

conductivity of polymer composites depends significantly on the dispersion of 

conductive fillers. It is believed that such high improvement in thermal conductivity 

at relatively low filler loadings is mainly due to good dispersion of CNTs and μAl2O3 

in epoxy matrix thanks to urchin-like hybrid structures.  

Therefore, a high improvement of α and λ of the composites is obtained by 

reinforcing polymer with low mass fractions of urchin-like hybrids, which is highly 

desired to applications in electronics where efficient heat dissipation and conduction 

are required.  

 

3.5 Mechanical properties 
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Figure 7. Young’s modulus (green down-pointing triangle symbol) and tensile 

strength (blue diamond symbol) of the epoxy composites reinforced by varied mass 

fractions of the urchin-like CNTs-μAl2O3 hybrids.  

 

The tensile properties of the composites were measured in order to evaluate the 

influence of hybrid addition on the composite mechanical properties. The Young’s 

modulus (Ecomp) and ultimate tensile strength of hybrid composites at varied 

wtCNTs-μAl2O3 are given in Fig. 7. First of all, it is found that the composite Young’s 

modulus increases with the CNTs-μAl2O3 mass fraction. The Ecomp varies from 

2.14GPa to 2.7 GPa when the wtCNTs-μAl2O3 evolves from 0.005 to 0.1. As compared to 

pure epoxy (E=2.12 GPa), an improvement as high as 26 % was obtained when the 

wtCNTs-μAl2O3 was 0.1. Second, the ultimate tensile strength was also increased with the 

addition of the CNTs-μAl2O3. However, its improvement was less than 10 %, less 

evident compared with the Young’s modulus ones. Meanwhile, the composite 

elongation to fracture has been shown a slight decrease when the hybrid mass fraction 
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was beyond 1.5, about minus 13 % when wtCNTs-μAl2O3 equals to 0.025 and 0.05, and 

minus 20 % when wt=0.1. This is mainly due to greatly increased volumetric fraction 

of alumina microparticles, as well as the increased possibility of CNTs dispersion 

defects at high loadings. Besides the filler mechanical properties, their interfacial 

connection with polymer matrix is also crucial for the mechanical reinforcement of 

the composites, because a solid interfacial bonding ensures the efficient load transfer 

between matrix and the fillers. It is believed that some efficient surface treatments 

could still improve the composite mechanical properties.  
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Figure 8. The calculated and experimental data of Young’s modulus of the 

composites with different CNT weight fractions. 

 

Furthermore, a widely used Halpin-Tsai model [41, 42] is employed in order to 

model the reinforcing roles of the urchin-like hybrid structures on the Young’s 

modulus of the composites. Given the low volume fraction of alumina particles added 
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in the composites, the contribution of the whole modulus is small. Thus, in the 

following discussion only the influence of CNTs is considered. It is well known that 

for randomly orientated fillers reinforced composites, the model expression is as 

follows:  

               
 

 
 
            

      
  

 

 
 
      

      
                              

(2) 

where 

   
           

              
,    

           

           
, L and D are the length and diameter of the 

one dimensional fillers, respectively. EEpoxy is the epoxy matrix modulus, and Ef is the 

effective nanotube modulus. 

 The effective modulus of nanotubes is determined according to the following 

equation (3) proposed by Thostenson et al.[42] 

Ef=4(t/D)Ecnt                                                                              (3) 

where t is the nanotube outer layer thickness, 0.34 nm. Ecnt is the nanotube intrinsic 

modulus, and 450 GPa is used in this modelling.   

In the first case, we suppose that all the nanotubes are randomly and homogeneous 

distributed in the polymer matrix. The composite Young’s modulus calculated 

according to equations 2 and 3 is plotted as a dashed red line shown in Fig. 8. 

Obviously, the calculated modulus E is much lower than the experimental data, when 

wtCNTs is above 0.003. And the discrepancy becomes more evident at higher wtCNTs. 

This means that the nanotube random distribution supposition generates an 

underestimated composite modulus.  
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In the second case, we suppose that all the nanotubes are homogenously aligned on 

the alumina particle surface in an urchin-like way, as shown previously. This means 

that the hybrid structures were well kept in epoxy after dispersion and curing 

processes, and each hybrid structure could be seen as a three dimensional integrity, 

taking a reinforcing role in the composite. The effective modulus of one 

CNTs-μAl2O3 hybrid could be estimated according to the nanotube intrinsic modulus 

and the ratio of the equivalent nanotubes N|| in loading direction. The N|| could be 

calculated by summing all the loading direction projections of every nanotube 

homogeneously distributed on spherical alumina surface. Thus, the effective hybrid 

modulus EHybrid could be obtained by EHyrbid=Ecnt*N||/Ncnt,Ncntis the average nanotube 

number on each alumina sphere. Then, according to a mixing law, the modulus of the 

composite with integrated CNTs- μAl2O3 hybrids could be described by the following 

equation 4:  

                                                         (4) 

The plotted curve is as the dash-dotted blue line shown in Fig. 8. It can be seen that 

the calculated Ecomp_H matches very well with the experimental data at wtCNTs=0.001 

and 0.003. An increasing overestimated modulus has been generated at higher CNTs 

concentrations.  

In the third case, we make a more realistic supposition, that is, there are certain 

CNTs are detached from the alumina particles during the mechanical blending 

process. Indeed, the observation from optical microscopy and SEM showed that some 

detachment of CNTs took place during preparation procedure, and the destruction of 
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the urchin-like state became much graver at higher hybrid loading levels. Then, the 

composite modulus is calculated by taking into account of both the detached 

nanotubes and the ones staying in the hybrid structure. The detached nanotubes are 

supposed to be homogenously distributed in polymer, and the ones in hybrid are well 

organised as-synthesized state in polymer. Thus, the composite modulus in this case 

could be obtained by combining the contributions from the above mentioned two parts 

CNTs, that is, hybrid contribution modeled by Halpin-Tsai equation and random 

CNTs contribution calculated by mixing law. The modeled modulus curve of a 

composite with 50 % CNTs detached from hybrid structure is shown by a dotted pink 

line in Fig. 8. It is obvious that the modeled results correspond with the experimental 

data much better than the ones obtained by using the integral hybrid structure or the 

wholly random distribution state. That explains that the alignment of CNTs due to 

urchin-like hybrid is more efficient in reinforcing polymer composites than random 

distribution. Moreover, the composite with urchin-like hybrid fillers is isotropic both 

in mechanical and functional properties, unlike the anisotropic ones with aligned 

CNTs.  

The previous results have demonstrated that the urchin-like CNTs-μAl2O3 are 

excellent multifunctional hybrids which greatly improve the epoxy-based composite 

electrical and thermal conductivity, dielectric permittivity, as well as Young’s 

modulus and ultimate strength, at low CNT loading levels. As it was mentioned 

previously, the as-synthesized CNTs-μAl2O3 hybrids were mixed into epoxy resin 

without any further chemical treatments and surface modification. Therefore, this 
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demonstrated high multifunctional improvement is mainly due to the high crystalline 

CNTs and their specific organization on alumina microspheres. Indeed, unlike 

commonly used carpets with entangled CNTs, or powders with too short CNTs, 

herein most CNTs are well dispersed in the matrix without obvious agglomerates, 

which can be verified by optical images and SEM ones of fractured sections of the 

composites. One of the obvious advantages of the use of hybrids with an urchin-like 

structure is that it can let CNTs with a regular array before being incorporated into 

polymer instead of an initial bundles or agglomerates. In other words, CNTs in our 

case are experienced two step dispersions. The first one is done by in-situ growing 

homogeneously on the Al2O3 in a separated way during CVD process; and the second 

one was conducted by mechanically dispersing into the polymer matrix during the 

mixing process. A schematic figure is provided in Fig. 9 so as to vividly describe the 

function of hybrids’ special structure for effective dispersion of CNT in the epoxy 

matrix. Thus, by the application of hybrid’s special structure, CNT can be effectively 

dispersed in the epoxy matrix.  

Therefore, the urchin-like hybrids show excellent mechanically and 

multifunctionally reinforcing effect in epoxy polymer, showing superior overall 

performance than random nanotubes. Moreover, CVD is a versatile process which can 

be used to in-situ grow CNTs on various micron ceramic substrates, and thus to 

develop various hybrid structures. The process is easily scaled-up to meet large-scale 

application demand for producing composites in an industrial way. Thus, the 
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urchin-like hybrids and their reinforced multifunctional composites exhibit a huge 

application potential in electronics, aeronautics and aerospace, automobile, etc. 

 

 

Figure 9. Schematic of urchin-like hybrid CNTs dispersion in epoxy, involving 

in-situ growth and mechanical mixing, which promotes an improved distribution of 

CNTs and μAl2O3 in the epoxy composites obtained. 

 

4.  Conclusions 

In summary, one kind of well-organized urchin-like CNTs-μAl2O3 hybrids was 

in-situ synthesized by CVD using xylene and ferrocene as carbon source and catalyst 

precursor, respectively. And the epoxy composites reinforced by as-synthesized 

hybrids were produced, and their multifunctional properties were characterized. The 

detailed experimental results and analyses demonstrate that the urchin-like 

CNTs-μAl2O3 hybrids are excellent multifunctional reinforcements in epoxy polymer 

matrix. The dielectric permittivity and tangent loss of the CNTs-μAl2O3/epoxy 

composites are frequency &wtCNTs-μAl2O3 –dependent, decreasing significantly at low 

frequency from 10
2
 to 10

4
 Hz and increasing with wtCNTs-μAl2O3 varying from 0 to 0.1, 

respectively. The composite electrical conductivity was also found increased when 
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wtCNTs was above 0.3 %, and combing with a linear fitting according to percolation 

theory. The measured AC conductivity of the composites with 2 wt. % CNTs was ~ 

3e-4 S m
-1

 at 100 Hz. The composite thermal diffusivity showed a linear increase 

behavior with wtCNTs-μAl2O3, and an improvement as high as 92 % was achieved when 

wtCNTs-μAl2O3=0.1, compared with the one of pure epoxy. The composite thermal 

conductivity begun to increase when wtCNTs-μAl2O3 is more than 2.5 %, and the λ 

reaches up to 0.39 W K
-1

 m
-1

 at 10 wt. % (wtCNTs=2 %), corresponding to an increase 

as high as 56 %. Moreover, the Young’s modulus increased from 2.14 GPa to 2.7 GPa 

when the wtCNTs-μAl2O3 evolves from 0.005 to 0.1, and the highest improvement 

measured was 26 % when the wtCNTs-μAl2O3 was 0.1, compared to pure epoxy (E=2.12 

GPa). Meanwhile the ultimate tensile strength of the composites was slightly 

increased, less than 10 %, under the conditions studied. The multifunctional properties 

of the CNTs-μAl2O3 /epoxy composites was mainly due to an improved distribution 

of CNTs and μAl2O3 in epoxy composites, thanks to the use of an urchin-like 

CNTs-μAl2O3 hybrid structures. The outstanding multifunctional properties, along 

with easily scaled-up CVD production of the hybrids make the CNTs-μAl2O3 

/polymer composites promising to be widely applied in various fields from electronics 

to aeronautics and aerospace.   
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