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ABSTRACT 

Halloysite were combined with amorphous carbon via a hydrothermal route for halloysite/carbon 

(HNT/CS) nanocomposite synthesis in which the halloysite (HNT) was used as the template and 

chitosan (CS) as the carbon precursor at 180 
o
C for 24h [1]. carbon fiber/Epoxy-halloysite/carbon 

(CF/EP-HNT/CS) composites were fabricated via compression molding process. Results showed that 

there is a better synergistic effect between the HNT template and the coated carbon layer, which 

results in better dispersion and higher mechanical strength than each other. Moreover, the amino 

groups (-NH) in the carbon layer (hydrothermal carbonization of chitosan) on the HNT surface can 

improve the dispersion of HNT/CS in the epoxy resin, and provide a strong interactions with the 

epoxy resin system through a chemical bonding [2], the schematic illustration of chemical bonding 

between HNT/CS and epoxy resin is shown in Fig. 1. In addition, the better dispersion can enhance 

interface bonding and form a network structure [3]. Therefore, there are more effective load transfer 

and thermal transmission between epoxy matrix and reinforcements. The incorporation of 

HNT/CS-0.5 (in which the mass ratio of chitosan to halloysite was 0.5) resulted in 19.2% and 31.6% 

increases in the flexural strength and flexural modulus of the multiscale CF/EP laminates, respectively, 

with respect to the flexural strength and modulus of neat BF/EP laminates. A 20.4% increase was also 

recorded for the storage modulus of the multiscale CF/EP laminates relative to the neat CF/EP 

composites when introduced HNT/CS-0.5 in epoxy resin. Moreover, with the addition of HNT/CS-0.5, 

the thermal conductivity of the multiscale CF/EP laminates improved by 113% relative to the thermal 

conductivity of the neat CF/EP composites. 
  

1 INTRODUCTION 

In recent years, fiber-reinforced polymer (FRP) composites have a wide range of industrial 

applications, and the high performance are required, such as aerospace, automobiles, construction, and 

electrical insulators [4, 5]. Especially the carbon fiber-reinforced polymer, as a type of engineering 

materials which have an mature development recent years, and have a extensive application. This is 

mainly because carbon fiber possess specific properties highly, in particular, high stiffness , modulus 
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of elasticity and strength, which make carbon fiber as the reinforcing elements in the composite 

materials possess prodigious attraction [6-8]. 

However, owing to the intrinsic brittleness of epoxy matrix and weak carbon fiber/matrix interface, 

CF/EP composites has restricted applications to a great extent [7]. In order to improve these problems, 

there are two major methods: (i) surface treatment of carbon fibers, for example, fiber sizing and fiber 

coating [9], thermo-chemical treatment [10], liquid-phase chemical oxidation [11], ultraviolet 

generated ozone treatment (UV/O3) [12], etc.; (ii) modification of polymer matrix, i.e. the 

reinforcement of interface is accomplished by coordinated the properties of polymer matrix with fillers 

of chosen cautiously, such as inorganic nanoparticles [7, 13] and carbon-based materials, etc; the 

carbon-based materials include carbon nanotubes [14-19], carbon black (CB) [20] and graphene [21] 

etc. In the polymer matrix with different nanoreinforcements relative to conventional fiber-reinforced 

composites can reach to maximize the advantages of structural composites [22]. Ogasawara et al. [23] 

found that tensile strength and compression strengths increased 2–12% by adding 0.5% of fullerene 

into the epoxy matrix respectively, 60% enhancement in interlaminar fracture toughness by introduce 

the fullerene (0.1-1 wt%) into the epoxy matrix. Pathak AK [24] examined the enhancement of 25% of 

ILSS, while the flexural strength increases by 66%, flexural modulus increases by 72% at 0.3 wt% of 

graphene oxide dispersed in epoxy matrix, the enhancement was due to hydrogen type bonding and 

mechanical interlocking of graphene oxide with carbon fibers and epoxy resin. Vaganov et al. [25] has 

reported 40% enhancement in fracture toughness at 1.0 wt% CNTs in epoxy resin, while flexural 

strength and flexural moduli have a certain degree of increase, the increase in these result is certainly 

related to the bridging effect of the CNTs. Zhou YX et al. [26] shows that add 2.0 wt% clay into carbon 

fiber/epoxy composite showed the highest and significant improvement in the storage modulus and 

flexural properties. Although carbon nanotubes, carbon black and graphene etc have a better effect to 

improve the performance of composite material, they are expensive and the raw materials are not easy 

to get. In addition, there is cheap and available for nanoclay, but the composites which modified by 

nanoclay not be functional. We via a hydrothermal route for halloysite/carbon (HNT/CS) 

nanocomposite synthesis in which the HNTs were used as the template and chitosan (CS) as the carbon 

precursor at 180
o
C for 24h [1], the nanocomposites combine nanoclay with carbon-based materials 

successfully, in addition, the nanocomposites is very cheap , raw materials are easily obtained and 

possess simple technology process. In addition to the above, carbon fiber/epoxy composites modified 

with HNT/CS not only possess the higher mechanical properties, but also possess functionality. 

In this work, we modify carbon fiber/epoxy composites with HNT/CS, HNT template and the coated 

carbon layer can achieve better synergistic effect, what’s more important is that the amino groups (-NH) 

of the carbon on the HNT surface can improve the dispersion of HNT/CS in the epoxy resin, provide a 

strong interactions with the epoxy resin through a chemical reaction, thus, there are more effective load 

transfer between HNT/CS and epoxy resin [2]. The mechanical, thermo-mechanical properties and 

thermal conductivity of carbon fiber/epoxy composites was investigate in this study.  
  

2 EXPERIMENTAL 
  

2.1  Materials 

The matrix was epoxy resin (E-51) which a commercial-grade diglycidyl ether of bisphenol A 
supplied by Bluestar Wuxi Petrochemical Co. Ltd. (Jiangsu, China). The 4, 4′-methylene dianiline 

(DDM) obtained from Sinopharm Group Co. Ltd. (Shanghai, China). The carbon fiber (woven, 

200g/m
2
) was supplied by Weihai Tuozhan Fiber Co. Ltd. (Shangdong, China). The halloysite was 



 

purchased from golden sun ceramics Co. Ltd. (Zhengzhou, China). The chitosan (CS), ammonium iron 

sulfate hexahydrate (FeSO4 (NH4)2SO4·6H2O), acetone, and other reagents were of analytical grade 

were purchased from Sinopharm Group Co, Ltd. 
  

2.2  Synthesis of the HNT/CS 

The HNT/CS nanocomposites was synthesized by a typical procedure [1]. HNT, chitosan and FeSO4 

(NH4)2SO4·6H2O was dispersed in 70 mL of distilled water under vigorous magnetic stirring to form a 

homogeneous dispersion for 2 h at room temperature. Then, the mixture was transferred to a 

Toflon-lined stainless steel autoclave with a volume capacity of 100 mL, sealed and maintained at 

180 ℃ for 24 h. The next thing to do was cooled the autoclave to room temperature naturally, after that, 

the as-prepared nanocomposites was centrifuged at 8000rev/min, washed three times by double 

distilled water and ethanol, and then dried in an oven at 60 °C for 5 h. In this procedure, the mass ratios 

of chitosan to HNTs were set to 0.5, 1, and 2 to obtain HNT/CS with various carbon contents (i.e., 

HNT/C-0.5, HNT/C-1, and HNT/C-2), as shown in Table 1.  
  

Sample 
Mass ratio of chitosan to 

HNT 
N(%) C(%) H(%) S(%) 

HNT/CS-0.5 0.5 1.71 12.01 2.37 2.02 

HNT/CS-1 1 2.80 20.10 2.47 1.59 

HNT/CS-2 2 4.56 32.22 4.59 1.28 
  

Table 1 Elemental analysis of HNT/CS nanocomposites 
  

2.3  Fabrication of the CF/EP-HNT/CS composites laminates 

First of all, a certain of HNT, HNT/CS-x (x= 0.5, 1, 2) was dispersed respectively in 15 mL of 

acetone by ultrasonic treatment for 1 h and mechanical stirring using a magnetic stirrer for 1 h, then, 

the mixture was introduced into epoxy resin and stirred for 12 h at room temperature. Afterword, 

degassing to remove the acetone of epoxy/acetone-HNT/CS mixture solution in a vacuum oven at 

60 ℃ for 30 min. After that, the harder of DDM was introduced into the mixture solution, the mass 

ratio of epoxy to DDM was 100:27.  

The mixture solution above was brushed onto specific dimensions of carbon fiber fabrics to prepare 

prepregs. Then, the laminates were transferred to the heating oven at 60℃ for 1 h and remove the 

acetone completely in vacuum oven. Afterword, the laminates stacked on a self-made mold and cured 

in a hot pressing machine, The laminates were pre-cured at 80 °C for 2 h and further cured at 160 °C 

for 4 h under a pressure of 1 MPa. The contents of all nanoreinforcements was 3wt% based on the 

nanocomposites matrix. 
  

2.4  Characterizations of multiscale composites 

Three-point bending tests in accordance with ASTM D 790 were performed using a universal testing 

machine (SANS CMT-4102, Shenzhen, China). The sample size was 70 mm × 12.7 mm × 2.5 mm, and 

the ratio of span length to thickness is 16:1. In addition, the constant crosshead speed of 1 mm/min at 

room temperature to ensure the reliability of test results. 

SEM (JSM-6700F) was used to observe the fracture surfaces of the composites after being subjected 

to a flexural test at an operating voltage of 10 kV. The fracture surfaces was pre-chilled in liquid 

nitrogen, and coated with aurum sputter. 
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Dynamic mechanical analysis was performed using a dynamic mechanical analyzer (DMA, Q-800, 

TA Instrument, USA) to investigate the storage moduli and the glass transition temperatures (Tg) of the 

multiscale laminates. Treatment conditions included a frequency of 1Hz and a temperature range of 
25-230°C with 5°C/min of temperature ramp. The specimen dimensions was 40 mm × 15 mm × 2.5 

mm. 

The through-thickness thermal conductivity experiments were conducted at temperatures of 25℃ 

with the use of the LFA 457Micro Flash laser in an air atmosphere. The through-thickness thermal 
conductivities (λ) of the multiscale BFRP laminates with and without nanoreinforcements were 

calculated:  

λ = α ρ Cp                                  (1) 
where α is the thermal diffusivity, ρ is the bulk density of the specimen, and Cp is the specific heat 

capacity obtained from DSC measurements. 
  

 

Fig.1. Schematic illustration of the chemical bonding between epoxy matrix and HNT/CS 

  
3 RESULTS AND DISCUSSION 
  

3.1  Characterization of HNT/CS 

Fig.2 shows the XRD patterns of natural HNT, hydrothermally treated chitosan and the HNT/CS 

nanocomposites. As for the halloysite, The peak at 2θ = 11.8°, 20.0°, 24.7°, 35.0°, 54.5°, and 62.5° are 
indexed to the characteristic reflections of halloysite, which matches well with halloysite crystal 

structure [JCPDSNo. 29–1487], the reflection at 2θ =26.7° reveals that halloysite contains minor 

quartz [27]. The HNT/CS have the similar XRD patterns, which suggest that the crystal structure of 

halloysite is not destroyed after hydrothermally treated. Furthermore, a weak and broad diffraction 

peak between 20 and 30 is assigned to the amorphous carbon, indicating that the chitosan molecules 
have polymerized and successively carbonized as carbon. 
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Fig.2. X-ray diffraction patterns of HNT clay, hydrothermally treated chitosan and HNT/CS 

nanocomposite  
  

Fig 3 shows the transmission electron microscopy (TEM) images of HNT/CS nanocomposites, For 
the HNT, the inner diameters range from 10 nm to 30 nm, the outer diameters range from 50 nm to 

100 nm, and lengths vary from 0.5 μm to 1 μm [28]. After hydrothermal treatment of halloysite and 

chitosan, chitosan carbonized on the HNTs surface and formed a carbon layer with a thickness of 

approximately 10nm (HNT/C-1). The energy-dispersive spectroscopy spectra (Fig. 3c) of the selected 
area in Fig. 3b show the elemental components of the carbon coating layer on the HNT surface. These 

indicate that the carbonaceous matter were formed on the external templates by the HNT process. 

  

 
  

Fig.3. Transmission electron microscopy (TEM) (a, b) and EDS (c) images of HNT/CS 

nanocomposites 

  

The FTIR spectra for the HNT, hydrothermally treated chitosan and HNT/CS are shown in Fig. 4. 
For the HNT, the bands occurred at 3440 cm

-1
 and 1640cm

-1
 are due to O−H and N−H [29]. The peak 

of 1035cm
-1

 and 1093cm
-1
 indicate the Si−O and (Mg Al)−O stretching vibration respectively. The 

bands at 3692cm
-1 

and 3615cm
-1

 are attributed to O−H stretching of innersurface hydroxyl and inner 
hydroxyl groups respectively [30]. The signals at 688 cm

-1
 and 534 cm

-1
 correspond to perpendicular 

Si−O stretching and deformation of Al−O−Si, respectively [28]. For the hydrothermally treated 

chitosan nanocomposite, the peak at 3440cm
-1
 is attributed to N−H and O−H stretching vibration [29]. 

The signals of 2924cm
-1

 and 2855cm
-1

 indicates the C−H stretching bands of −CH2 and −CH3, 
respectively [28]. The band at 1653 cm

-1
 is assigned to the stretching vibration of amides and C=C 

stretching vibration of alkenes [31]. The peak at 1602cm
-1

 is due to amino band. The peak at 1386cm
-1

 

and 1323cm
-1

 correspond to C−N stretching bands. For the HNT/CS nanocomposites, there are several 
new bands, including 2924cm

-1
 and 2855cm

-1
 of 

 
C−H stretching bands of −CH2 and −CH3, and 

1386cm
-1

 correspond to C−N stretching vibration. These results indicates that the HNT clay had been 

modified by the functional carbonaceous species successfully. 
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Fig. 4 FT-IR spectra of HNT, hydrothermally treated chitosan and HNT/CS nanocomposites 

3.2  Morphological characteristics of the fracture surfaces 

SEM images examination of the fracture surfaces of the neat CF/EP (Fig. 5a and b), CF/EP-HNT 

(Fig. 5c and d) and CF/EP-HNT/C-0.5 (Fig. 5e and f) composites. Fig. 5a shows that the fracture of 

the neat BF/EP laminates was relatively clean, and only few epoxy residues are found on the fiber 

surface because of the weak interface between carbon fiber and epoxy. In addition, debonding between 

carbon fiber and epoxy resin due to weak interfacial bonding is also clearly observable in Fig. 5b. 

carbon fiber is relatively harmonized with epoxy after adding HNT to CF/EP composites (Fig. 5c), 

many epoxy residues exist between the fibers, and fewer fibers were pulled out. In Fig. 5d, the 

bonding between carbon fiber and epoxy is improved than neat CF/EP composites clearly. As shown in 

Fig. 5e, the fibers in CF/EP-HNT/CS-0.5 are more harmonized with epoxy matrix, and more epoxy 

residues exist between the carbon fibers, fewer fibers are pulled out. In addition, a better bonding 

between the fiber and epoxy resin is shown in Fig. 6f especially. Such findings indicate a better 

improve interfacial interactions between carbon fiber and epoxy when add HNT/CS-0.5 to CF/EP 

composites, and stress could be effectively transferred from the epoxy matrix to carbon fibers. 

 

  

Fig.5. SEM images of the fracture surfaces of the neat CF/EP (a, b), CF/EP-HNT 

Laminates (c, d), CF/EP-HNT/CS-0.5 laminates (e, f) 

  

3.2  Mechanical properties  

The flexural properties of CF/EP, CF/EP-HNT, CF/EP-HNT/CS composites are plotted in Fig.6. For 

the CF/EP composites, the flexural strength and modulus are 508.4MPa and 32.5GPa, respectively. 
The addition of HNT and HNT/CS both have a obvious increase. At 3wt% HNT/CS-0.5, the 

composites show a 19.2% increase in flexural strength, and 31.6% increase in flexural modulus. 



 

We can also found that the increase of adding HNT/CS to CF/EP is more effect than adding HNT 

for flexural properties. On the one hand, there is a better synergistic effect between the HNT template 

and the coated carbon layer, which results in better dispersion and higher mechanical strength than 
each other. On the other hand, the amine groups of the carbon (hydrothermal carbonization of chitosan) 

on the HNT surface can provide a strong interactions with the epoxy resin system through a chemical 

reaction [2], achieve more effective load transfer, the schematic illustration of chemical bonding 

between HNT/CS and epoxy resin as show Fig.1. Moreover, the strong interactions with HNT/CS and 
epoxy resin can avoided the agglomeration of HNT/CS due to physical factors, prevent stress 

concertration. In addition, the better dispersion can enhance interface bonding and form a network 

structure [3]. Therefore, there are more effective load transfer between epoxy matrix and 
reinforcements. 

When increase the content of carbon on HNT surface, there are lower flexural properties, the main 

reason is that with increasing carbon contents on the HNT surface, which tend to agglomerate in the 

epoxy resin, thereby decreasing the surface area for interfacial adhesion, and decreasing the free 
volume for particles to move around [32, 33]. The aggregated particles lead to the formation of stress 

convergence points or as crack initiation sites [34], thus leading to lower flexural properties. 
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Fig.6. Flexural strength and modulus of CF/EP, CF/EP-HNT and CF/EP-HNT/CS composites 

  

3.4  Dynamic mechanical analysis(DMA) 

The effects of nanoreinforcements on the thermal properties of the CF/EP composites are 

investigated by comparing the storage modulus and tan. The numerical value of storage modulus and 

tan for CF/EP, CE/EP-HNT, CF/EP-HNT/CS composites at 3wt% loading of nanoreinforcements are 
given in Fig. 7 and Fig. 8. 

The storage modulus is an important property to assess the load bearing capacity of composites 
material [7]. Fig.7 shows the storage modulus as a function of temperature for composites containing 

different nanoreinforcements. As the temperature increased, the storage modulus decreased, and then, 

there are a sharp decline in the glass transition region. This phenomenon is due to the increase in the 
molecular mobility of the polymer chains above Tg [7, 35]. In addition, the decrease of the 

CF/EP-HNT/CS and CF/EP-HNT composites were less than neat CF/EP composites in the modulus at 

the glass transition region. Especially for the composites with HNT/CS-0.5, there are a maximum 

increase related to CF/EP, and the storage modulus was enhanced by 20.4% at 220℃. HNT/CS-0.5 
can achieve the better dispersion in epoxy resin, as discussed above, the better dispersion can improve 

storage modulus [3]. And then the better dispersion can also increase the contact area between 

nanofillers and epoxy resin. Moreover, the strong interactions of HNT/CS containing a certain amount 

javascript:void(0);
javascript:void(0);
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of -NH with the epoxy resin through a chemical bonding can achieve effective load transfer between 

nanoreinforcements and epoxy resin, thereby enhance the storage modulus of composites. 

Fig.8 show the tan values of the composites, the peak position of tan is the glass transition 
temperature (Tg). The Tg value of neat CF/EP is 202℃, with the containing HNT and HNT/CS-0.5, the 

Tg are 194℃ and 199℃ respectively, both of them show lower Tg than neat CF/EP. This result can be 
explained that unreacted molecular segments cause inhomogeneities from regions of varying crosslink 

density, the inhomogeneities break the regular crosslinking between epoxy resin and hardener [36]. 

However, the addition of HNT/CS-0.5 in the CF/EP composites have a higher value of Tg, compared 
with add HNT to CF/EP composites, this because the-NH of HNT/CS can participate the curing 

reaction of epoxy resin, enhance the crossing densities of epoxy. In addition, the HNT/CS induce 

improve interfacial strength between the HNT/CS and epoxy resin through chemical bonding, which 

hindrance to epoxy molecules mobility around the HNT/CS [37]. Thereby, the thermal stability 

(storage modulus and tan) of the CF/EP-HNT/CS-0.5 composite is better than that of the CF/EP-HNT 
composite. 
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3.5  Thermal conductivity 

Fig. 9 presents the thermal conductivity variation of CF/EP composites containing different 



 

nanofillers. It can be seen that when introduce HNT and HNT/CS into CF/EP nanocomposites, there 

are 50% and 113% increment in the thermal conductivity relate to neat CF/EP nanocomposites, 

respectively. Organic/inorganic composites mainly to transfer heat by phonons, the addition of HNT 
and HNT/CS are form of phonons conduction pathway in epoxy resin, thus enhance the thermal 

conductivity of composites. Otherwise, there are more effective when add HNT/CS to epoxy resin 

than add HNT. On the one hand, there is a certain thickness of carbon layer on HNT surface, 

carbon-based material possess higher thermal conductivity relate to silicate clay [38-40], in other 
words, HNT/CS possesses relatively high thermal conductivity than silicate clay, so HNT/CS can 

achieve effective thermal transmission in epoxy resin than nanoclay. On the other hand, HNT/CS have 

stronger interfacial bonding with epoxy resin though chemical reaction (as show in Fig. 1), the strong 
interfacial bonding can reduce phonon scattering and lower interfacial thermal resistance between 

HNT/CS and epoxy resin, thus, achieve more effective thermal transmission [41]. The strong 

interactions with HNT/CS and epoxy resin can avoided the agglomeration of HNT/CS due to physical 

factors, enhance the dispersion of HNT/CS in epoxy resin. A better dispersion can form high thermal 
conductivity pathway through form a better reticular structure, which results in an effective heat 

transfer and ultimately yielding the high thermal conductivity of CF/EP-HNT/C-0.5. 
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Fig.9. Thermal conductivity of CF/EP, CF/EP-HNT and CF/EP-HNT/CS composites 
 

4  CONCLUSIONS 

The effect of HNT/CS nanocomposites on mechanical, thermo-mechanical properties and thermal 

conductivity were investigated in this work. At 3wt% HNT/CS , the flexural strength and modulus of 
nanocomposites are resulted in 19.2% and 31.6% increment related to neat CF/EP nanocomposites, a 

negative effect on flexural properties by increasing of the carbon contents on the HNT surface. when 

introduce HNT/CS into CF/EP nanocomposites, there is 20.4% increase in storage modulus relate to 

neat CF/EP nanocomposites, and 113% increase in thermal conductivity. The improved mechanical, 
thermo-mechanical properties and thermal conductivity of the CF/EP-HNT/CS composites were due 

to the better dispersion and strong interfacial interactions between HNT/CS and epoxy resin in the 

CF/EP composites. 
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