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Abstract: Epoxy resins-penetrated aligned carbon nanotube bundles (ACNTB) 

microcapsules (ACNTB@EP MCs) and pristine ACNTB with porous structure were 

introduced into thermosetting cyanate ester (CE) resins to prepare high performance CE 

composites. Owing to the epoxy resins-penetrated ACNTB with significantly decreased 

defects and the chemical interaction at the interface of MCs and CE resin, CE with 

appropriated MCs shows better comprehensive performance than CE/ACNTB 

composite when the two composites contain the same amount of ACNTB. CE with 5 

wt% MCs (CE/5MCs) shows the optimal flexural strength, impact resistance and tensile 

strength, which are 59%, 45% and 32% higher than that of CE, respectively. CE with 

15wt% MCs (CE/15MCs) shows 24% higher in thermal conductivity, 35.1% lower in 

PHRR value than CE. CE/15MCs also exhibits the highest dielectric constant of 

12.8–16.6 and a low dielectric loss of 0.022–0.066. The attractive performances of 

CE/MCs composites prove that the ACNTB@EP MCs are multi-functional fillers, 

which can simultaneously act as toughening agent, reinforcement while improving the 

thermal stability, flame retardancy and dielectric properties for high temperature 
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thermosetting resins. 

Keywords: particle-reinforcement; thermosetting resins; mechanical properties; thermal 

properties 

1. Introduction 

Cyanate ester (CE) resins are among the most important high performance 

thermosetting polymers, which can be used in the aerospace and microelectronic 

industry because of their highly desirable properties such as good radar transparency, 

low moisture absorption, excellent mechanical, thermal, and dielectric properties [1-5]. 

To meet the stringent requirements in the rapidly evolving high-tech area of aerospace, 

developing high performance CE-based composites with multifunctional properties 

including high self-healing ability, good flame retardancy and dielectric property have 

attracted much attention. 

Previous studies showed that the incorporation of inorganic fillers into CE resins 

provides an efficient way to improve the integrated properties of the final products. The 

inorganic fillers included graphene oxide hybridized with manganese-schiff [6], 

glycidyl polyhedral oligomeric silsesquioxane [7], hexagonal boron nitride [8], 

organo-modified montmorillonite [9], layered silicates [10] or carbon nanotubes (CNTs) 

[11], etc. Among the inorganic fillers, CNTs were considered as the most versatile fillers 

for polymeric composites due to their unique combination of excellent mechanical, 

thermal and electrical properties. Moreover, their exceptional physical properties, 

including low density and high aspect ratio, made them ideal candidates for mechanical 

reinforcement of lightweight polymers [11-14]. The addition of functionalized 

multiwalled carbon nanotubes (MWCNT) significantly enhanced the flexural and 

impact strength of CE matrix and slightly increased the glass transition temperature (Tg) 

[15]. Dominguez et al. [16] reported that introducing 1 wt% MWCNT-containing 
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particles to oligomeric CE resulted in a 600% of increase in the storage modulus, 30 °C 

and 58 °C of increases in Tg and thermal stability, respectively. The reasons for 

improving the properties of CE using the above mentioned methods were mainly 

attributed to the good dispersion of inorganic particles and the strong interfacial 

interaction between fillers and matrices. 

Although the addition of small amount of CNT to polymers could suppress the crack 

propagation within the matrix, it was completely ineffective for the existence of cracks. 

Many authors had noted that the encapsulated healing agents allowed polymers to 

exhibit excellent self-healing ability and improved toughness, resulting from the 

polymerization of the healing agent released to the crack surfaces and the crack blunting 

or crack bridging mechanism [17-22]. Then, the advantages of combining the healing 

agent-filled microcapsules (MCs) and CNT could endow polymer composites with 

superior integrated property. 

Aligned carbon nanotube bundle (ACNTB) is composed of a number of CNTs that 

are joined end to end by van der Waals attractive force. They have a unique combination 

of high strength, stiffness, flexibility, strain to failure and conductivity, etc. [23-26]. 

However, ACNTB exhibits highly porous structures [27,28], the CNT joints and 

intertube interactions are weak and readily slipping between the CNTs. Therefore, the 

ACNTB cannot effectively transfer load and their strengths are rather lower than that of 

individual CNT [27,29,30]. It is more interesting to notice that the adhesive or polymer 

can penetrate into ACNTB and acts as an inter-bundle 'adhesive' to improve the CNT 

joints and intertube interactions, leading to better load transfer efficiency and higher 

strength of ACNTB [29-33]. Therefore, it is of great significance to design 

ACNTB-containing healing agents, which can be used as multifunctional fillers for 
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healing cracks within polymer matrix and improving thermal and mechanical properties 

of polymer composites. 

The encapsulated epoxy resins-penetrated ACNTB (epoxy@ACNTB MC) has been 

synthesized in our laboratory and applied to CE resins to prepare self-healing systems 

[34], which show excellent self-healing ability and improved toughness. In present work, 

the effects of MCs on the properties of CE including flame retardancy, thermal, 

mechanical and dielectric properties are further investigated. For comparison, the 

ACNTB-based CE composites (CE/ACNTB) are also prepared with the content of 

ACNTB that is equal to that of CE/MCs system. 

2. Experimental 

2.1. Materials 

Solid epoxy resin (diglycidyl ether of bisphenol A) with epoxide equivalent weight of 

450-560 g/mol was purchased from Nantong Xingchen Synthetic Material Co. Ltd 

(China). Aligned carbon nanotube bundle (ACNTB) was purchased from Chengdu 

Organic Chemicals Co. Ltd, China (length: 30–100 µm). Modified amine curing agent 

(FS-2B), which could quickly initiate the curing reaction of epoxy resins at low 

temperature, was obtained from Chuzhou Huisheng Electronic Material Co. Ltd (China). 

Sodium dodecyl sulfate (SDS) used as a surfactant was purchased from Tianjin 

Chemical Regents Factory (China). Cyanate ester (CE) monomer was purchased from 

Yang Zhou Techia Chemical Co. Ltd (China). Diamino diphenyl sulfone (DDS) used as 

the catalyst for CE resin was obtained from Sinopharm Chemical Reagent Co. Ltd 

(China).  

2.2. Preparation of the encapsulated epoxy resins-penetrated ACNTB 

The preparation of the encapsulated epoxy resins-penetrated ACNTB 

(epoxy@ACNTB MCs) was prepared according to Ref. [34]. Epoxy resins (15 g) and 
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ACNTB (4.5 g) were mixed in acetone (200 ml) at 25 °C to obtain an epoxy 

resin-acetone solution containing ACNTB. When the solution became viscous and was 

degassed at 25 °C, 0.5 wt% SDS aqueous solution was added with stirring, then the 

suspension solution of epoxy@ACNTB was formed. Two hours later, epoxy@ACNTB 

particles became solid and could be easily separated from the aqueous solution. After 

washing with water, filtering, and freeze drying, epoxy@ACNTB particle powders were 

obtained. The epoxy@ACNTB particles were added into 0.5 wt% SDS aqueous solution 

(500 ml) with stirring for 20 min, followed by adding FS-2B (15 g). Stirring the mixture 

at 25 °C for 3 h, the black suspension was obtained. The suspension was washed using 

deionized water and filtered several times and then freeze dried for 24 h, and MCs were 

obtained. Fig. 1 shows the morphologies of ACNTB and epoxy@ACNTB MCs. The 

weight ratio of epoxy content to epoxy@ACNTB MCs was 74%, and the weight ratio 

of ACNTB to epoxy@ACNTB MCs was 14%. The Tdi of the epoxy@ACNTB MCs 

was 266 °C. 

2.3. Preparation of CE/epoxy@ACNTB MCs and CE/ACNTB systems 

CE resin was heated to 130 °C, after melting to a clear liquid, 1 wt% DDS was added. 

The temperature of the mixture was raised to 145 °C and held at this temperature for 60 

min with stirring. Then epoxy@ACNTB MCs were added to the mixture with stirring 

for 20 min. Afterward, the mixture was poured into a pre-heated mold for degassing at 

about 160 °C and cured as the following procedure: 160°C/2h+180°C/2h+200°C/2h. 

The relative weight contents of epoxy@ACNTB MCs to CE were 3, 5, 10 and 15 wt% 

and the resulting CE composites were designated as CE/3MCs, CE/5MCs, CE/10MCs 

and CE/15MCs, respectively. For comparison, 0.42, 0.7, 1.4 and 2.1 wt% pristine 

ACNTB, corresponding to the same content of ACNTB in CE/MCs, were added into 

CE to prepare CE/ACNTB composites using the same temperature program, and the 
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corresponding CE composites were designated as CE/0.42ACNTB, CE/0.7ACNTB, 

CE/1.4ACNTB and CE/2.1ACNTB. 

2.4. Characterization  

The morphology analysis of specimen was carried on using scanning electronic 

microscope (SEM, S-4700, HITACHI).  

Flexural strength was measured according to GB/T 2567-2008 using a universal 

testing machine (KQL WDW100) at a cross-head speed of 10 mm/min. 

Impact resistance test was measured according to GB/T 2567-2008 using a beam 

impact testing machine (XCJD-5J). 

Tensile strength (σ) was measured according to GB/T 2567-2008 using a universal 

testing machine (KQL WDW100) at a cross-head speed of 5mm/min. 

Fourier transform infrared (FTIR) spectra was obtained by scanning potassium 

bromide (KBr) discs of the samples using a FTIR spectrometer (Tensor 27, Bruker) to 

characterize the chemical structure. In order to monitor the cyanate ester (–OCN) group, 

the conversion (α) of –OCN was analyzed based on the FTIR data of CE systems before 

and after cure according to Eq.1 [35]. The vibration bands of –OCN at 2274/2238 cm-1 

were chosen to calculate α of –OCN. The phenyl ring band at 1500 cm-1 was selected as 

the reference band.  
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where A-OCN and Aphenyl ring were the areas of the bands of –OCN and phenyl ring, 

respectively, T and t were curing temperature and time, respectively. 

Optical microscope (BK-POL, OPTEC) was used to investigate the distribution of 

fillers in the cured thin composite films. 

Dynamic mechanical analysis (DMA, Q800, TA) was performed on samples using a 
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single cantilever beam clamping setup. DMA tests were carried out between 50–350 °C 

using a heating rate of 3 °C/min at 3Hz. Sample dimensions were 35 12 3mm mm mm× × . 

The glass transition temperature (Tg) was determined from the peak temperature in the 

tan δ-temperature plot. 

The thermal diffusivity was measured using a NanoFlash Thermal Diffusivity Meter 

(LFA 467, NETZSCH). Then the thermal conductivity was calculated from thermal 

diffusivity by Eq.2. 

                          pCλ αρ=                         (2) 

where λ was the thermal conductivity of the system, α was the thermal diffusivity of the 

system, ρ was the density, and Cp was the specific heat capacity under constant pressure. 

Thermomechanical analysis (TMA, Q400, TA) was carried out within the range of 

80–150 °C at a speed of 3 °C/min in a nitrogen atmosphere. The coefficient of thermal 

expansion (CTE) was calculated of using the following equation:  

0

1L
CTE

L T

∆=
∆
�                               (3) 

where ∆L was the relative change in the length with respect to the initial length (L0) of 

the sample when the temperature was increased by ∆T. Plotting the displacement as a 

function of the temperature, the values of ∆L/∆T were obtained from the slope of the 

linear fitting of the experimental data. 

Oxygen index (LOI) was measured with an automatic oxygen index apparatus 

(LCK-09) according to GB/T 2406.2-2009. The dimensions of each sample were 

110 6.5 3mm mm mm× × . 

The cone calorimeter test was performed on a FTT0007 Cone Calorimeter (FTT 

Company, England) according to ISO 5660 at an external heat flux of 35 kW/m2. Each 

sample with a dimension of 110 100 3mm mm mm× ×  was put into an aluminum foil and 
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then put onto the specimen holder for testing. 

The structure and morphology of residual chars were characterized using Raman 

spectra (HR-800, HORIBA JOBIN YVON) and stereo microscope (SZ780, OPTEC), 

respectively. 

The dielectric property was measured using Novel Control Concept 80 (Germany) in 

the frequency range of 1–106 Hz. Sample diameter was 20 mm and the thickness was 

3.4 mm. 

3. Results and discussion  

3.1. Mechanical property of CE/ACNTB and CE/MCs composites 

With the initial addition of individual ACNTB into CE, the mechanical properties of 

CE/ACNTB show a significant increase (Fig. 2). For instance, CE with 0.7 wt% 

ACNTB (CE/0.7ACNTB) exhibits the increase in flexural strength, impact resistance 

and tensile strength by 49%, 37% and 35%, respectively, as compared with pure CE 

resin. The incorporation of epoxy@ACNTB MCs into CE is more effective on 

improving mechanical property. In particular, CE/5MCs shows the optimal flexural 

strength, impact resistance and tensile strength that are 233 MPa, 19 KJ/m2 and 42 MPa, 

which are 59%, 45% and 32% higher than that of CE, respectively. The increase in 

mechanical properties for CE/ACNTB and CE/MCs can be explained by the following 

reasons: (1) ACNTB has a unique combination of strength, stiffness, flexibility and 

porous structure that can be filled with epoxy or CE resin in CE composites. The resin 

penetrated-ACNTB shows better mechanical property than the pristine ACNTB [29,30], 

resulting in an increased mechanical property of CE composites; (2) ACNTB may break 

during the crack propagation, which can absorb energy and improve the mechanical 

property of CE composites; (3) ACNTB or MCs can pin or blunt the crack progress, 

thus absorbing energy and stabilizing the cracks in CE matrix [36,37]. 
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The conversion of -OCN groups in CE-based composite is monitored to investigate 

the effect of polymer structure on the mechanical property. Apparently, the cure reaction 

in CE/MCs composites is more complete than that in CE/ACNTB as shown in Fig. 3, 

which is attributed to the catalytic effect of MCs on CE resin [34,38]. In present work, 

the epoxy-amine addition polymer shell of MCs can react with CE and effectively 

improve the dispersion of MCs in the matrix [34,39], resulting in the higher mechanical 

property of the matrix. Moreover, the aliphatic oxazolidinone rings, which can toughen 

CE matrix, can be formed by the reaction between –OCN group/triazine rings and a 

trace of epoxy resins that released from MCs during the cure process [13,34,40]. The 

FTIR of the region surrounding MCs in CE/MCs system shows the absorption peak of 

oxazolidinone rings at 1749 cm-1 (Fig. 4). This can indicate that MCs have good 

interface bonding with CE matrix and explain that CE/MCs composites show better 

mechanical property than CE/ACNTB, although both systems contain the same amount 

of ACNTB (≤ 1.4 wt%) [39]. 

However, the mechanical properties of CE/ACNTB and CE/MCs start decreasing 

when the contents of ACNTB and MCs excess 0.7 wt% and 5 wt%, respectively. From 

Fig.5, it can be observed that as the fillers (ACNTB or MCs) increase, the distance 

between fillers and the dispersion of fillers in matrix decrease and the agglomeration of 

fillers gradually increases [41], thus the interface interaction between fillers and matrix 

decreases and the interaction among MCs increases [42]. When the higher filler content 

is applied, the interface interaction between fillers and matrix can be seriously 

weakened, the fillers cannot effectively transfer the load, and then the mechanical 

properties of CE with higher filler content decrease [42]. For CE/15MCs system, it 

shows the poorest mechanical properties. The shorter distance between MCs and the 

increase of MC agglomeration as shown in Fig. 5h can imply the increased interaction 
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among MCs and the decreased dispersion of MCs in the matrix, which lead to the 

decrease of mechanical property [39].   

The improved mechanical properties of CE/ACNTB and CE/MCs are also evidenced 

by their SEM images of ductile impact fracture surfaces (Fig. 6). The cured CE resin 

shows a very smooth impact fracture surface, which is typical brittle fracture 

morphology of polymer. The impact fracture surfaces of CE/ACNTB and CE/MCs 

composites are much rougher than that of CE. The broken ACNTB and MCs, and the 

crack-pinning or crack-blunting phenomena at the vicinity of the crack path adjacent to 

ACNTB or MCs can be observed on the fracture surfaces of CE/ACNTB and CE/MCs 

composites.  

3.2. Dynamic mechanical properties of CE/ACNTB and CE/MCs composites 

The rigidity of materials is usually characterized by storage modulus [43]. As shown 

in Fig. 7A, the storage modulus of CE increases gradually with increasing the content of 

ACNTB that has high modulus [44]. During the fabrication of CE/ACNTB composites, 

CE resin penetrates inside the pores of ACNTB, forming CE polymer penetrated 

ACNTB, then the defects of ACNTB decrease and the strength of ACNTB is improved 

[29,30], which increase the rigidity of the CE/ACNTB composites. For CE/MCs 

composites, MCs can increase the storage modulus of CE for the penetrated ACNTB, 

but they also can decrease the storage modulus, owing to the presence of low-modulus 

epoxy resin core materials in MCs and the formation of aliphatic oxazolidinone rings. 

Therefore, CE/MCs composites exhibit a similar storage modulus value to CE below 

150 °C regardless of the increase of MCs content (Fig. 7C). As the temperature 

continues to increase, the modulus of CE/MCs decreases. However, CE/MCs 

composites show higher modulus than CE between 150–250 °C probably due to the 

higher α of –OCN groups in CE matrix (Fig. 3B) and the high strength of ACNTB. 
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Because epoxy resin monomer core materials in MCs and the formed aliphatic 

oxazolidinone rings are less rigid than the triazine rings in matrix, CE/MCs composites 

show lower stiffness than CE/ACNTB composites. 

DMA curve of pure CE resin (Fig. 7B) shows two tan δ maxima (Tg1 and Tg2) 

implying the presence of a heterogeneous morphology of the cured network. The 

transition at low temperature (Tg1 = 227 °C) is attributed to the cure reaction product 

formed by the reaction of CE resins and DDS [31], and the second transition occurs at 

around 292 °C (Tg2) corresponding to the polycyanurate [4]. For CE/ACNTB systems, 

the addition of ACNTB increases the Tg1 of CE by 5–11°C for the restriction of ACNTB 

to the polymer chains. Because the dispersion of ACNTB in matrix become poorer with 

increasing ACNTB content (Fig. 5), CE with higher ACNTB content shows slightly 

lower Tg1 than CE with lower ACNTB content [39,41]. The addition of ACNTB 

decreases the Tg2 by 3-13 °C mainly for the lower conversion of -OCN groups (Fig. 3A) 

that disrupts the triazine rings crosslinked structure.  

As the content of MCs increases, the Tg1 of CE/MCs shows a gradually increasing 

trend resulting from the restriction of the increased MCs to the segmental motion of 

polymer chains and more complete conversion of -OCN groups in matrix (Fig. 3B). In 

particular, CE with 10-15 wt% MCs shows an increase of about 20 °C in Tg1 than CE 

(Fig. 7D). The Tg2 of CE/MCs shows a decreasing trend with the content of MCs, owing 

to the decreased rigid triazine rings and the formation of less rigid aliphatic 

oxazolidinone rings by the reaction between -OCN group/triazine rings and the released 

epoxy resins from MCs [13,34,40]. The addition of 15wt% MCs can decrease the Tg2 

value of CE to 256°C, being 36°C higher than that of CE. For the combined influences 

of the reasons caused higher Tg1 and lower Tg2 values of CE/MCs, two tan δ maxima 

eventually merge into single one when the content of MCs reaches 15 wt%, suggesting 
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that a more homogenous or better interfacial interaction system is obtained. For all CE 

composites, the Tg2 decreases with increasing filler (ACNTB or MCs) content. The 

main reason is attributed to the fact that as the filler content increases, the interfacial 

areas between matrix and fillers increase, which can more seriously disrupt the rigid 

triazine ring structure in matrix.   

3.3. Thermal conductivity of CE/ACNTB and CE/MCs composites 

The thermal conductivity of composite is significantly affected by the thermal 

conductivity of filler and matrix, and the conductive channels. In present work, the 

content of filler is too low to form thermally conductive channels in the CE matrix. 

Because of the high theoretical thermal conductivity of CNT [45], the higher thermal 

conductivity of CE with ACNTB or MCs as shown in Fig.8 can be obtained. With the 

initial addition of MCs (≤ 5 wt%), the thermal conductivity of CE/MCs is almost the 

same as that of CE/ACNTB due to their same amount of ACNTB. With respect to the 

high content of MCs (≥ 10 wt%), the intermediate layer can be formed between stiff 

MCs and soft matrix, which alleviates the modulus mismatch between the fillers and 

matrix and decreases the thermal interfacial resistance. Xie et al. reported that a less 

stiff silica intermediate shell on the multi-walled carbon nanotubes played the same role 

in improving the thermal conductivity of the epoxy resin [46]. The thermal conductivity 

of CE/15MCs is 24% higher than that of CE. Additionally, improving the interfacial 

interaction between the fillers and polymer matrix is proven to be another effective 

factor on interfacial thermal conductivity enhancement [41,47]. CE/MCs (MCs ≥ 10 

wt%) systems have stronger interfacial interaction than CE/ACNTB due to the chemical 

reaction between MCs and CE resin. Therefore, the CE/MCs systems exhibit better 

thermal conductivity than CE/ACNTB. 

3.4. Coefficient of thermal expansion of CE/ACNTB and CE/MCs composites 
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The coefficient of thermal expansion (CTE) is a quantitative measurement of change 

in dimension with change in temperature, which is important in especially composite 

structures. The ∆L/L values of CE/ACNTB and CE/MCs composites in glassy state 

(80–150 °C) are shown in Fig. 9A. The CTE values of CE/ACNTB (5.0–7.2×10-5 °C-1) 

and CE/MCs (5.7–6.6×10-5 °C-1) were calculated based on Fig. 9A. The addition of 

pristine ACNTB with high thermal stability can decrease the CTE values of CE 

composites, however, the formation of crosslinked CE network is disrupted and the 

interfacial interaction between ACNTB and matrix is weak, which may increase the 

CTE of CE matrix. As a result, CTE values of CE/ACNTB composites show irregular 

change with the content of ACNTB (Fig. 9B). The decrease of CTE values in CE/MCs 

composites is attributed to the fact that the strong interaction between MCs and CE 

matrix. The interface layer between MCs and matrix can effectively transfer the heat to 

the MCs' core materials that can absorb energy and heat [48,49], thus decreasing the 

CTE of CE/MCs composites. As a result, the entire CE/MCs composites show lower 

CTE values than pure CE resin. 

3.5. Flame retardancy of CE/ACNTB and CE/MCs composites 

The limited oxygen index (LOI) is a measure of the percentage of oxygen that has to 

be present to support combustion of the polymer or composite. The higher the LOI, the 

lower the flammability is. The interaction between ACNTB and CE matrix is weak and 

the addition of ACNTB disrupts the formation of crosslinked CE network. It has been 

reported that the low crosslinking density of polymer can diminish the LOI [50-52]. For 

CE/ACNTB, the addition of ACNTB can slightly decrease the conversion (α) of –OCN 

groups in matrix (Fig.3A), which implies the decrease of chemical crosslinking density 

of CE matrix, and then the addition of ACNTB may reduce the LOI of CE matrix. But 

on the other hand, ACNTB has low flammability, which can improve the LOI of CE 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

matrix. Then the LOI of CE/ACNTB systems can be complicatedly influenced by 

ACNTB. 

However, the LOI values of the whole CE/ACNTB systems are higher than that of 

pure CE resin (Fig. 10), resulting from the low flammability of ACNTB. In particular, 

CE/0.7ACNTB shows the highest LOI (29%) that is 6% higher than CE. During the 

combustion process, ACNTB can migrate towards the surface of the burning material, 

thus covering and shielding the underlying polymer [53] and reducing the flammability 

of composites. When the content of ACNTB reaches 1.4 wt%, the LOI values of 

CE/ACNTB decrease gradually, which is caused by the decreased α value (Fig. 3A) and 

the poorer dispersion of ACNTB in the CE matrix (Fig. 5c). The initial addition of MCs 

(3 wt%) enhances the LOI of CE to 28.9% owing to the existence of ACNTB and the 

increased α of -OCN groups (Fig. 3B). The LOI of CE/MCs starts decreasing when the 

content of MCs excesses 5 wt%, which is attributed to the increased aliphatic 

oxazolidinone rings, the reduced triazine rings in the system [13,34,40] and the 

decreased dispersion of MCs in matrix as well (Fig. 5) [54,55]. As the content of MCs 

further increases, the adverse influence of MCs on the LOI of CE/MCs gradually 

becomes a major factor, and then CE with 10–15wt% MCs may show lower LOI than 

CE.  

Cone calorimeter is an effective technique to evaluate the flame retardancy of a 

material. The plots of heat release rate (HRR) of CE/ACNTB and CE/MCs composites 

as a function of time are shown in Fig. 11 and the typical cone calorimeter data are 

listed in Table 1. Combustion is a quite complex physical and chemical process 

determined by many factors such as viscosity and the structure of chars formed during 

combustion [56]. The HRR, especially the peak heat release rate (PHRR), has been 

found to be the most significant parameter to evaluate the fire safety [57]. The PHRR of 
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CE/ACNTB and CE/MCs are much lower than that of CE due to the presence of 

ACNTB. For the CE/ACNTB and CE/MCs composites, the presence of ACNTB 

increases the melt viscosity and promotes the formation of compact charred layers as 

heat barrier and thermal insulation [58], which reduces the PHRR values of CE 

composites. There is 39% reduction in PHRR value for CE/2.1ACNTB as compared 

with pure CE. The incorporation of MCs is more efficient to reduce PHRR, such as CE 

with only 3 wt% of MCs exhibiting a 30% lower in PHRR than CE. The further 

increase of MCs content does not result in a dramatic decrease in the PHRR value of 

CE/MCs. However, the average heat release rate (AHRR) and effective heat of 

combustion (EHC) values of CE/ACNTB and CE/MCs are about ~110 kW/m2 and 

~19.5 mJ/kg, respectively, which are similar to that of CE, indicating that the addition of 

ACNTB and MCs can only effectively suppress the combustion speed of CE 

composites. 

The Raman spectra of residue chars of CE/ACNTB and CE/MCs composites after 

cone test show two big peaks at 1340 cm-1 and 1593 cm-1 (Fig.12), which are assigned 

to oriented graphitic (G peak) and disordered graphitic (D peak). The relative intensity 

ratio of D peak to G peak, ID/IG, reflects the degree of ordering of amorphous 

carbonaceous materials and microcrystalline planar size [59]. In present work, to 

accurately calculate ID/IG, the original curve is divided into peaks, and then the ratio of 

integral area of D peak to G peak is used to calculate ID/IG value. The charring residues 

of CE/ACNTB and CE/MCs composites exhibit greater ID/IG values than CE, implying 

more ordered amorphous carbonaceous materials and larger microcrystalline planar size 

[59]. The flame retardancy is improved through forming protective layers in the 

condensed phase and thus preventing the polymer from external radiation and heat 

feedback [60-63]. Eventually, the addition of MCs and ACNTB increases the flame 
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retardancy of CE composites, which is in a good agreement with the results of cone test. 

Fig. 13 shows the stereo microscope images of residual chars of CE/ACNTB and 

CE/MCs composites. It can be observed from Fig. 13 that there are some light areas, 

which are caused by the light reflection from smooth compact charred layers or 

microcrystalline materials [64]. Apparently, CE/ACNTB and CE/MCs composites after 

combustion show increased compact charred layers or microcrystalline materials as 

compared to CE, indicating that CE/ACNTB and CE/MCs composites exhibit better 

flame retardancy than CE. 

3.6 . Dielectric properties of CE/ACNTB and CE/MCs composites 

Fig. 14 shows the dielectric properties of CE/ACNTB and CE/MCs composites as a 

function of frequency in a broadband 1–106 Hz. The dielectric constants of CE/ACNTB 

and CE/MCs are higher than CE (3.34–3.59), which is due to the existence of ACNTB 

with high conductivity. When the two composites contain the same amount ACNTB, 

CE/MCs system shows higher dielectric constant than CE/ACNTB owing to the 

effective dispersion of MCs in matrix resulting from the chemical interaction between 

MCs and CE matrix. The dielectric losses of both composites are higher than that of CE 

mainly because of the interfacial polarization. CE/MCs system shows more stable 

dielectric loss than CE/ACNTB within a broad frequency range. Overall, the dielectric 

measurement results indicate that one can tailor the dielectric properties of CE 

composites by tuning the content of MCs. For instance, CE/15MCs shows the highest 

dielectric constant of 12.8–16.6 and a low dielectric loss of 0.022–0.066. Therefore, 

CE/MCs composites are also attractive for dielectric applications. 

4. Conclusions 

CE composites with epoxy@ACNTB MCs and pristine ACNTB were prepared. 

Because of the excellent mechanical property of ACNTB and the crack-pinning or 
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crack-blunting behaviors at the vicinity of the crack path adjacent to ACNTB or MCs, 

the addition of epoxy@ACNTB MCs and pristine ACNTB can improve the mechanical 

property of CE composites. CE/5MCs shows the optimal flexural strength, impact 

resistance and tensile strength, which are 59%, 45% and 32% higher than that of CE, 

respectively. The addition of ACNTB increases the storage modulus of CE, but MCs 

can effectively increase the lower Tg of CE composites. The addition of ACNTB and 

MCs also can increase the thermal conductivity and decrease the CTE values of CE 

mainly because of the presence of ACNTB with outstanding thermal conductivity and 

thermal stability property. CE/MCs and CE/ACNTB show better flame retardancy than 

CE mainly owing to the existence of ACNTB, which can significantly promote the 

formation of compact charred layers. CE/MCs and CE/ACNTB also exhibit higher 

dielectric property than CE for the presence of ACNTB. CE with 15 wt% MCs shows 

the highest dielectric constant of 12.8–16.6 and a low dielectric loss of 0.022–0.066. 

Overall, CE with appropriate content of MCs can show more excellent comprehensive 

performance than CE/ACNTB for the significantly decreased defects of ACNTB and 

the chemical interaction between MCs and CE matrix. Compared with traditional 

inorganic filler/CE composites, the present CE/MCs systems show a promising 

application in developing high performance self-healing composites with excellent 

mechanical, thermal and flame retardancy and dielectric properties. 
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Table 1. Typical cone calorimeter data of CE/ACNTB and CE/MCs systems 

 
CE 

CE/ACNTB (wt%)  CE/MCs (wt%)  
 0.42 0.7 1.4 2.1  3  5  10  15  

PHRR 
(kW/m2) 347.3 301.0 264.3 251.3 213.1  242.3 257.5 243.9 225.3 

AHRR 
(kW/m2) 110.6 102.7 104.1 112.0 114.1  103.3 97.1 105.3 111.5 

EHC 
(mJ/kg) 19.9 20.2 19.7 19.5 19.8  19.2 19.2 19.3 19.6 
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Fig. 1 SEM images of ACNTB and epoxy@ACNTB MCs 
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Fig. 2. Mechanical properties of CE/ACNTB and CE/MCs composites. (A) Flexural 

strength, (B) impact resistance and (C) tensile strength 
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 Fig. 3. Conversion (α) of -OCN groups in CE/ACNTB and CE/MCs composites along 

with FTIR curves of CE/ACNTB and CE/MCs   
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Fig. 4. FTIR curves of cured CE (a) and the region surrounding ACNTB in CE/ACNTB 

(b) and the region surrounding MCs in CE/MCs system (c)  

 

 

Fig. 5. Optical microscope images of the cured CE/ACNTB and CE/MCs thin films 
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Fig. 6. SEM images of the fracture surfaces of CE/ACNTB and CE/MCs composites 

after impact test 
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Fig. 7. Storage modulus and tan delta as a function of temperature for the CE/ACNTB 

and CE/MCs composites 

 

Fig. 8. Thermal conductivity of CE/ACNTB and CE/MCs composites 
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Fig. 9. ∆L/L values in glassy state (80–150 °C) (A) and CTE values (B) of CE/ACNTB 

and CE/MCs composites 

 

Fig. 10. Limited oxygen indexes of CE/ACNTB and CE/MCs composites 
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Fig. 11. HRR curves of CE/ACNTB (A) and CE/MCs (B) composites 

 

 

Fig. 12. Raman spectra of residue chars of CE/ACNTB (A) and CE/MCs (B) 

composites after cone test 
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Fig. 13. Stereo microscope images of residual chars of CE/ACNTB and CE/MCs 

composites after cone test 

 

 

Fig. 14. Dielectric properties of CE/ACNTB (A) and CE/MCs (B) composites 


