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Abstract: Epoxy resins-penetrated aligned carbon nanotubadles (ACNTB)
microcapsules (ACNTB@EP MCs) and pristine ACNTBhnfiorous structure were
introduced into thermosetting cyanate ester (CEinseto prepare high performance CE
composites. Owing to the epoxy resins-penetratetl’M& with significantly decreased
defects and the chemical interaction at the interfaf MCs and CE resin, CE with
appropriated MCs shows better comprehensive pedocen than CE/ACNTB
composite when the two composites contain the sammaunt of ACNTB. CE with 5
wt% MCs (CE/5MCs) shows the optimal flexural strigngmpact resistance and tensile
strength, which are 59%, 45% and 32% higher thah @h CE, respectively. CE with
15wt% MCs (CE/15MCs) shows 24% higher in thermaidrativity, 35.1% lower in
PHRR value than CE. CE/15MCs also exhibits the dsghdielectric constant of
12.8-16.6 and a low dielectric loss of 0.022-0.06Be attractive performances of
CE/MCs composites prove that the ACNTB@EP MCs ardtiffunctional fillers,
which can simultaneously act as toughening agentfarcement while improving the

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

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

1. Introduction

Cyanate ester (CE) resins are among the most iarmorhigh performance
thermosetting polymers, which can be used in thespace and microelectronic
industry because of their highly desirable progsrgsuch as good radar transparency,
low moisture absorption, excellent mechanical, ttedr and dielectric properties [1-5].
To meet the stringent requirements in the rapigiyl\eng high-tech area of aerospace,
developing high performance CE-based compositeb witltifunctional properties
including high self-healing ability, good flame aedancy and dielectric property have
attracted much attention.

Previous studies showed that the incorporationnofganic fillers into CE resins
provides an efficient way to improve the integrapedperties of the final products. The
inorganic fillers included graphene oxide hybridizevith manganese-schiff [6],
glycidyl polyhedral oligomeric silsesquioxane [7hexagonal boron nitride [8],
organo-modified montmorillonite [9], layered siliea [10] or carbon nanotubes (CNTS)
[11], etc. Among the inorganic fillers, CNTs wemnsidered as the most versatile fillers
for polymeric composites due to their unique comabon of excellent mechanical,
thermal and electrical properties. Moreover, thexceptional physical properties,
including low density and high aspect ratio, matent ideal candidates for mechanical
reinforcement of lightweight polymers [11-14]. Thaddition of functionalized
multiwalled carbon nanotubes (MWCNT) significantgnhanced the flexural and
impact strength of CE matrix and slightly increadieel glass transition temperaturg)(T

[15]. Dominguezet al. [16] reported that introducing vit% MWCNT-containing



particles to oligomeric CE resulted in a 600% afr@ase in the storage modulus, 30 °C
and 58 °C of increases ingTand thermal stability, respectively. The reasoos f

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

attributed to the good dispersion of inorganic iple$ and the strong interfacial

interaction between fillers and matrices.

Although the addition of small amount of CNT to yokers could suppress the crack
propagation within the matrix, it was completelgfiiective for the existence of cracks.
Many authors had noted that the encapsulated lgealgents allowed polymers to
exhibit excellent self-healing ability and improvedughness, resulting from the
polymerization of the healing agent released tacthek surfaces and the crack blunting
or crack bridging mechanism [17-22]. Then, the adlwges of combining the healing
agent-filled microcapsules (MCs) and CNT could emdoolymer composites with
superior integrated property.

Aligned carbon nanotube bundle (ACNTB) is composéad number of CNTs that
are joined end to end by van der Waals attractiveef They have a unique combination
of high strength, stiffness, flexibility, strain failure and conductivity, etc. [23-26].
However, ACNTB exhibits highly porous structures/ 28], the CNT joints and
intertube interactions are weak and readily sligdietween the CNTs. Therefore, the
ACNTB cannot effectively transfer load and thenesgths are rather lower than that of
individual CNT [27,29,30]. It is more interesting motice that the adhesive or polymer
can penetrate into ACNTB and acts as an inter-lautadihesive' to improve the CNT
joints and intertube interactions, leading to belbad transfer efficiency and higher
strength of ACNTB [29-33]. Therefore, it is of gteaignificance to design

ACNTB-containing healing agents, which can be uasdmultifunctional fillers for



healing cracks within polymer matrix and improvimgrmal and mechanical properties
of polymer composites.

The encapsulated epoxy resins-penetrated ACNTBxgg@@CNTB MC) has been
synthesized in our laboratory and applied to CEinseto prepare self-healing systems
[34], which show excellent self-healing ability amaproved toughness. In present work,
the effects of MCs on the properties of CE inclgdiftame retardancy, thermal,
mechanical and dielectric properties are furtherestigated. For comparison, the
ACNTB-based CE composites (CE/ACNTB) are also pmgbawith 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 with epoxide equivalent weight of
450-560 g/mol was purchased from Nantong Xingchgntitic Material Co. Ltd
(China). Aligned carbon nanotube bundle (ACNTB) waschased from Chengdu
Organic Chemicals Co. Ltd, China (length: 30-10d). Modified amine curing agent
(FS-2B), which could quickly initiate the curingaetion of epoxy resins at low
temperature, was obtained from Chuzhou Huishengiéleic Material Co. Ltd (China).
Sodium dodecyl sulfate (SDS) used as a surfactaad purchased from Tianjin
Chemical Regents Factory (China). Cyanate estej (uihomer was purchased from
Yang Zhou Techia Chemical Co. Ltd (China). Diamégiphenyl sulfone (DDS) used as
the catalyst for CE resin was obtained from Sinoph&hemical Reagent Co. Ltd
(China).
2.2. Preparation of the encapsulated epoxy resins-penetrated ACNTB

The preparation of the encapsulated epoxy resinstped ACNTB

(epoxy@ACNTB MCs) was prepared according to Red].[Epoxy resins (15 g) and
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ACNTB (4.5 g) were mixed in acetone (200 ml) at 25 to obtain an epoxy
resin-acetone solution containing ACNTB. When tbkitson became viscous and was
degassed at 25 °C, 0.5 wt% SDS aqueous solutionadesd with stirring, then the
suspension solution of epoxy@ACNTB was formed. Twars later, epoxy@ACNTB
particles became solid and could be easily sepghifaben the aqueous solution. After
washing with water, filtering, and freeze dryingpogy@ACNTB particle powders were
obtained. The epoxy@ACNTB particles were added 0nfowt% SDS aqueous solution
(500 ml) with stirring for 20 min, followed by addj FS-2B (15 g). Stirring the mixture
at 25 °C for 3 h, the black suspension was obtaifbd suspension was washed using
deionized water and filtered several times and fheerze dried for 24 h, and MCs were
obtained. Fig. 1 shows the morphologies of ACNTBE apoxy@ACNTB MCs. The
weight ratio of epoxy content to epoxy@ACNTB MCssw&l%, and the weight ratio
of ACNTB to epoxy@ACNTB MCs was 14%. The; 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 tteardiquid, 1 wt% DDS was added.
The temperature of the mixture was raised to 14arin€held at this temperature for 60
min with stirring. Then epoxy@ACNTB MCs were addedthe mixture with stirring
for 20 min. Afterward, the mixture was poured itgre-heated mold for degassing at
about 160 °C and cured as the following proced@f°C/2h+180°C/2h+200°C/2h.
The relative weight contents of epoxy@ACNTB MC<L were 3, 5, 10 and 15 wt%
and the resulting CE composites were designate€dE4a3MCs, CE/5MCs, CE/10MCs
and CE/15MCs, respectively. For comparison, 0.4Z, @.4 and 2.1 wt% pristine
ACNTB, corresponding to the same content of ACNTBCOE/MCs, were added into

CE to prepare CE/ACNTB composites using the samgéeature program, and the



corresponding CE composites were designated as.4ZACGNTB, CE/0.7ACNTB,
CE/1.4ACNTB and CE/2.1ACNTB.
2.4. Characterization

The morphology analysis of specimen was carriedusimg scanning electronic
microscope (SEM, S-4700, HITACHI).

Flexural strength was measured according to GB/@72Z%08 using a universal
testing machine (KQL WDW100) at a cross-head spéd® mm/min.

Impact resistance test was measured according @ @B67-2008 using a beam
impact testing machine (XCJD-5J).

Tensile strengtha) was measured according to GB/T 2567-2008 usinigigersal
testing machine (KQL WDW100) at a cross-head spé&dnm/min.

Fourier transform infrared (FTIR) spectra was aled by scanning potassium
bromide (KBr) discs of the samples using a FTIRcgpeneter (Tensor 27, Bruker) to
characterize the chemical structure. In order tmitoothe cyanate ester (—OCN) group,
the conversiond) of —-OCN was analyzed based on the FTIR data ofy3ems before
and after cure according to Eq.1 [3Bhe vibration bands of —OCN at 2274/2238%m
were chosen to calculateof —OCN. The phenyl ring band at 1500 tmas selected as

the reference band.

/ .
g= 1_ [ (( A_OCN A})henyl ""g)T,t ] (1)

A—OCN /A)henyl ri”g)T,t:O

where Aocn and Apnenyi ring Were the areas of the bands of —OCN and phengl rin
respectively,T andt were curing temperature and time, respectively.

Optical microscope (BK-POL, OPTEC) was used to stigate the distribution of
fillers in the cured thin composite films.

Dynamic mechanical analysis (DMA, Q800, TA) wasfpened on samples using a
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single cantilever beam clamping setup. DMA testsevaarried out between 50-350 °C
using a heating rate of 3 °C/min at 3Hz. Sampleedisions were35mmx 12nmx 3nm.
The glass transition temperaturg)(Was determined from the peak temperature in the
tano-temperature plot.

The thermal diffusivity was measured using a NaasifrIThermal Diffusivity Meter
(LFA 467, NETZSCH). Then the thermal conductivityasvcalculated from thermal
diffusivity by Eq.2.

A=apC, (2)
wherel was the thermal conductivity of the systenwas the thermal diffusivity of the
systemp was the density, ar@, was the specific heat capacity under constanspres

Thermomechanical analysis (TMA, Q400, TA) was eatrout within the range of
80-150 °C at a speed of 3 °C/min in a nitrogen aphere. The coefficient of thermal
expansion (CTE) was calculated of using the follayequation:

cre=2:L o

whereAL was the relative change in the length with resp@¢he initial length (o) of
the sample when the temperature was increasetiTb¥lotting the displacement as a
function of the temperature, the values4bfAT were obtained from the slope of the
linear fitting of the experimental data.

Oxygen index (LOI) was measured with an automattygen index apparatus
(LCK-09) according to GB/T 2406.2-2009. The dimensi of each sample were
110mmx 6.5nmx 3nm_

The cone calorimeter test was performed on a FTT006ne Calorimeter (FTT
Company, England) according to ISO 5660 at an patereat flux of 35 kW/fm Each

sample with a dimension c£10mmx 100mmx 3nm was put into an aluminum foil and



then put onto the specimen holder for testing.

The structure and morphology of residual chars wararacterized using Raman
spectra (HR-800, HORIBA JOBIN YVON) and stereo rosmope (SZ780, OPTECQC),
respectively.

The dielectric property was measured using Noveitfod Concept 80 (Germany) in
the frequency range of 1-16iz. Sample diameter was 20 mm and the thickness wa

3.4 mm.

3. Resultsand discussion
3.1. Mechanical property of CE/ACNTB and CE/MCs composites

With the initial addition of individual ACNTB int€E, the mechanical properties of
CE/ACNTB show a significant increase (Fig. 2). Hostance, CE with 0.7 wt%
ACNTB (CE/0.7ACNTB) exhibits the increase in flealistrength, impact resistance
and tensile strength by 49%, 37% and 35%, respgtias compared with pure CE
resin. The incorporation of epoxy@ACNTB MCs into G& more effective on
improving mechanical property. In particular, CE/SM shows the optimal flexural
strength, impact resistance and tensile strengthatte 233 MPa, 19 KJfmand 42 MPa,
which are 59%, 45% and 32% higher than that of @Bpectively. The increase in
mechanical properties for CE/ACNTB and CE/MCs carelplained by the following
reasons: (1) ACNTB has a unique combination ofngfiie, stiffness, flexibility and
porous structure that can be filled with epoxy & @sin in CE composites. The resin
penetrated-ACNTB shows better mechanical propéin the pristine ACNTB [29,30],
resulting in an increased mechanical property ofcGEposites; (2) ACNTB may break
during the crack propagation, which can absorb ggn@nd improve the mechanical
property of CE composites; (3) ACNTB or MCs can pmblunt the crack progress,
thus absorbing energy and stabilizing the crackSEmmatrix [36,37].
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The conversion of -OCN groups in CE-based compasitaeonitored to investigate
the effect of polymer structure on the mechanicapprty. Apparently, the cure reaction
in CE/MCs composites is more complete than thafEHIACNTB as shown in Fig. 3,
which is attributed to the catalytic effect of M@s CE resin [34,38]. In present work,
the epoxy-amine addition polymer shell of MCs caact with CE and effectively
improve the dispersion of MCs in the matrix [34,3@sulting in the higher mechanical
property of the matrix. Moreover, the aliphatic pakdinone rings, which can toughen
CE matrix, can be formed by the reaction betweelNQ@roup/triazine rings and a
trace of epoxy resins that released from MCs dutivegcure process [13,34,40]. The
FTIR of the region surrounding MCs in CE/MCs systeimows the absorption peak of
oxazolidinone rings at 1749 ém(Fig. 4). This can indicate that MCs have good
interface bonding with CE matrix and explain th&/RCs composites show better
mechanical property than CE/ACNTB, although botstems contain the same amount
of ACNTB (< 1.4 wt%) [39].

However, the mechanical properties of CE/ACNTB &ia/MCs start decreasing
when the contents of ACNTB and MCs excess 0.7 with&awt%, respectively. From
Fig.5, it can be observed that as the fillers (A@Ndr MCs) increase, the distance
between fillers and the dispersion of fillers intmadecrease and the agglomeration of
fillers gradually increases [41], thus the integfanteraction between fillers and matrix
decreases and the interaction among MCs incred2gs\When the higher filler content
is applied, the interface interaction between rfilleand matrix can be seriously
weakened, the fillers cannot effectively transfee toad, and then the mechanical
properties of CE with higher filler content decred42]. For CE/15MCs system, it
shows the poorest mechanical properties. The ghdiséance between MCs and the

increase of MC agglomeration as shown in Fig. Shiogly the increased interaction



among MCs and the decreased dispersion of MCsennthtrix, which lead to the
decrease of mechanical property [39].

The improved mechanical properties of CE/ACNTB &@i/MCs are also evidenced
by their SEM images of ductile impact fracture aads (Fig. 6). The cured CE resin
shows a very smooth impact fracture surface, whightypical brittle fracture
morphology of polymer. The impact fracture surfacdsCE/ACNTB and CE/MCs
composites are much rougher than that of CE. Thidor ACNTB and MCs, and the
crack-pinning or crack-blunting phenomena at theenitly of the crack path adjacent to
ACNTB or MCs can be observed on the fracture sedaaf CE/ACNTB and CE/MCs
composites.

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

The rigidity of materials is usually characterizegdstorage modulus [43]. As shown
in Fig. 7A, the storage modulus of CE increaseduygily with increasing the content of
ACNTB that has high modulus [44]. During the faltion of CE/ACNTB composites,
CE resin penetrates inside the pores of ACNTB, fognCE polymer penetrated
ACNTB, then the defects of ACNTB decrease and trength of ACNTB is improved
[29,30], which increase the rigidity of the CE/ACRBTcomposites. For CE/MCs
composites, MCs can increase the storage modul@Edfor the penetrated ACNTB,
but they also can decrease the storage modulusgawithe presence of low-modulus
epoxy resin core materials in MCs and the formatbmliphatic oxazolidinone rings.
Therefore, CE/MCs composites exhibit a similar afg@r modulus value to CE below
150 °C regardless of the increase of MCs conterd. (FC). As the temperature
continues to increase, the modulus of CE/MCs deesea However, CE/MCs
composites show higher modulus than CE between ZB§D=C probably due to the

higher a of —OCN groups in CE matrix (Fig. 3B) and the higfirength of ACNTB.
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Because epoxy resin monomer core materials in M3 the formed aliphatic
oxazolidinone rings are less rigid than the triazimgs in matrix, CE/MCs composites
show lower stiffness than CE/ACNTB composites.

DMA curve of pure CE resin (Fig. 7B) shows two tdmmaxima (1 and Typ)
implying the presence of a heterogeneous morpholaigyhe cured network. The
transition at low temperature iT= 227 °C) is attributed to the cure reaction paidu
formed by the reaction of CE resins and DDS [3h}] ¢he second transition occurs at
around 292 °C (J) corresponding to the polycyanurate [4]. For CENN® systems,
the addition of ACNTB increases thg, bf CE by 5-11°C for the restriction of ACNTB
to the polymer chains. Because the dispersion di/AE in matrix become poorer with
increasing ACNTB content (Fig. 5), CE with highe€CNTB content shows slightly
lower Ty than CE with lower ACNTB conten39,41]. The addition of ACNTB
decreases thegdby 3-13 °C mainly for the lower conversion of -O@hups (Fig. 3A)
that disrupts the triazine rings crosslinked sttt

As the content of MCs increases, thg & CE/MCs shows a gradually increasing
trend resulting from the restriction of the incredMCs to the segmental motion of
polymer chains and more complete conversion of -Q@dips in matrix (Fig. 3B)n
particular, CE with 10-15 wt% MCs shows an increatabout 20 °C in J; than CE
(Fig. 7D). The T, of CE/MCs shows a decreasing trend with the cdrdeMCs, owing
to the decreased rigid triazine rings and the faoiona of less rigid aliphatic
oxazolidinone rings by the reaction between -OCblgftriazine rings and the released
epoxy resins from MCs [13,34,40]. The addition 6% MCs can decrease thg,T
value of CE to 256°C, being 36°C higher than tHaCB&. For the combined influences
of the reasons caused highex &nd lower T, values of CE/MCs, two ta maxima

eventually merge into single one when the contéM@s reaches 15 wt%, suggesting
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that a more homogenous or better interfacial icteva system is obtained. For all CE
composites, the gb decreases with increasing filler (ACNTB or MCs)ntent. The
main reason is attributed to the fact that as ilher ftontent increases, the interfacial
areas between matrix and fillers increase, whiah r@re 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 signifidgnaffected by the thermal
conductivity of filler and matrix, and the condweichannels. In present work, the
content of filler is too low to form thermally coactive channels in the CE matrix.
Because of the high theoretical thermal condugtioit CNT [45], the higher thermal
conductivity of CE with ACNTB or MCs as shown ingE8 can be obtained. With the
initial addition of MCs € 5 wt%), the thermal conductivity of CE/MCs is alshdhe
same as that of CE/ACNTB due to their same amol®GNTB. With respect to the
high content of MCsX 10 wt%), the intermediate layer can be formed betwstiff
MCs and soft matrix, which alleviates the modulusmatch between the fillers and
matrix and decreases the thermal interfacial rascs. Xieet al. reported that a less
stiff silica intermediate shell on the multi-walledrbon nanotubes played the same role
in improving the thermal conductivity of the eparasin [46]. The thermal conductivity
of CE/15MCs is 24% higher than that of CE. Addiatlyy improving the interfacial
interaction between the fillers and polymer maigxproven to be another effective
factor on interfacial thermal conductivity enhanesmn[41,47]. CE/MCs (MC¢ 10
wt%) systems have stronger interfacial interactiean CE/ACNTB due to the chemical
reaction between MCs and CE resiinerefore, 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 amjitative measurement of change
in dimension with change in temperature, whichnigpartant in especially composite
structures. Thell/L values of CE/ACNTB and CE/MCs composites in glastte
(80—150 °C) are shown in Fig. 9A. The CTE value€B/ACNTB (5.0-7.2x18 °C?)
and CE/MCs (5.7-6.6x10°C™) were calculated based on Fig. 9A. The addition of
pristine ACNTB with high thermal stability can deese the CTE values of CE
composites, however, the formation of crosslinkdel @twork is disrupted and the
interfacial interaction between ACNTB and matrixweak, which may increase the
CTE of CE matrix. As a result, CTE values of CE/ATBNcomposites show irregular
change with the content of ACNTB (Fig. 9B). The &se of CTE values in CE/MCs
composites is attributed to the fact that the gjrorieraction between MCs and CE
matrix. The interface layer between MCs and matar effectively transfer the heat to
the MCs' core materials that can absorb energyhaad [48,49], thus decreasing the
CTE of CE/MCs composites. As a result, the entiEMICs 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 gegcentage of oxygen that has to
be present to support combustion of the polymeroonposite. The higher the LOI, the
lower the flammability is. The interaction betwe®@NTB and CE matrix is weak and
the addition of ACNTB disrupts the formation of sstinked CE network. It has been
reported that the low crosslinking density of pogmean diminish the LOI [50-52]. For
CE/ACNTB, the addition of ACNTB can slightly decseathe conversioru) of —-OCN
groups in matrix (Fig.3A), which implies the deseaf chemical crosslinking density
of CE matrix, and then the addition of ACNTB maguee the LOI of CE matrix. But

on the other hand, ACNTB has low flammability, whican improve the LOI of CE
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matrix. Then the LOI of CE/ACNTB systems can be pbtoatedly influenced by
ACNTB.

However, the LOI values of the whole CE/ACNTB sysseare higher than that of
pure CE resin (Fig. 10), resulting from the lownfl@ability of ACNTB. In particular,
CE/0.7ACNTB shows the highest LOI (29%) that is &¥gher than CE. During the
combustion process, ACNTB can migrate towards thiéase of the burning material,
thus covering and shielding the underlying polyn%&] and reducing the flammability
of composites. When the content of ACNTB reacheb W%, the LOI values of
CE/ACNTB decrease gradually, which is caused bydénereased value (Fig. 3A) and
the poorer dispersion of ACNTB in the CE matrixgiFbc). The initial addition of MCs
(3 wt%) enhances the LOI of CE to 28.9% owing te éxistence of ACNTB and the
increased: of -OCN groups (Fig. 3B). The LOI of CE/MCs statliscreasing when the
content of MCs excesses 5 wt%, which is attributedthe increased aliphatic
oxazolidinone rings, the reduced triazine ringstie system [13,34,40] and the
decreased dispersion of MCs in matrix as well (b)g.54,53. As the content of MCs
further increases, the adverse influence of MCstlen LOI of CE/MCs gradually
becomes a major factor, and then CE with 10-15wt@&sMay show lower LOI than
CE.

Cone calorimeter is an effective technique to es&uhe flame retardancy of a
material. The plots of heat release rate (HRR) BIACNTB and CE/MCs composites
as a function of time are shown in Fig. 11 and timcal cone calorimeter data are
listed in Table 1. Combustion is a quite complexygital and chemical process
determined by many factors such as viscosity ardstiucture of chars formed during
combustion [56]. The HRR, especially the peak hetdase rate (PHRR), has been

found to be the most significant parameter to eatalthe fire safety [57]. The PHRR of
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CE/ACNTB and CE/MCs are much lower than that of @ke to the presence of
ACNTB. For the CE/ACNTB and CE/MCs composites, thesence of ACNTB
increases the melt viscosity and promotes the fobomaf compact charred layers as
heat barrier and thermal insulation [58], which uees the PHRR values of CE
composites. There is 39% reduction in PHRR valued&/2.1ACNTB as compared
with pure CE. The incorporation of MCs is more @#nt to reduce PHRR, such as CE
with only 3 wt% of MCs exhibiting a 30% lower in RR than CE. The further
increase of MCs content does not result in a dranusEcrease in the PHRR value of
CE/MCs. However, the average heat release rate HBnd effective heat of
combustion (EHC) values of CE/ACNTB and CE/MCs ab®ut ~110 kW/rh and
~19.5 mJ/kg, respectively, which are similar ta thfaCE, indicating that the addition of
ACNTB and MCs can only effectively suppress the bastion speed of CE
composites.

The Raman spectra of residue chars of CE/ACNTB @RIMCs composites after
cone test show two big peaks at 1340"@nd 1593 cri (Fig.12), which are assigned
to oriented graphitic (G peak) and disordered gtap(D peak). The relative intensity
ratio of D peak to G peak,pl/lg, reflects the degree of ordering of amorphous
carbonaceous materials and microcrystalline plaiae [59]. In present work, to
accurately calculaterdls, the original curve is divided into peaks, andnttiee ratio of
integral area of D peak to G peak is used to caleuh/I value. The charring residues
of CE/ACNTB and CE/MCs composites exhibit greatgld values than CE, implying
more ordered amorphous carbonaceous materialsaaget Imicrocrystalline planar size
[59]. The flame retardancy is improved through forgn protective layers in the
condensed phase and thus preventing the polymer éxternal radiation and heat

feedback [60-63]. Eventually, the addition of MOsdaACNTB increases the flame
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retardancy of CE composites, which is in a goo@dagrent with the results of cone test.

Fig. 13 shows the stereo microscope images of uabkichars of CE/ACNTB and
CE/MCs composites. It can be observed from FigthE® there are some light areas,
which are caused by the light reflection from smho@bmpact charred layers or
microcrystalline materials [64]. Apparently, CE/ACR and CE/MCs composites after
combustion show increased compact charred layemniorocrystalline materials as
compared to CE, indicating that CE/ACNTB and CE/M&snposites 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/ACNaid CE/MCs composites as a
function of frequency in a broadband 12H¥. The dielectric constants of CE/ACNTB
and CE/MCs are higher than CE (3.34-3.59), whicthuis to the existence of ACNTB
with high conductivity. When the two composites t@om the same amount ACNTB,
CE/MCs system shows higher dielectric constant tikEACNTB owing to the
effective dispersion of MCs in matrix resulting rfinathe chemical interaction between
MCs and CE matrix. The dielectric losses of botmposites are higher than that of CE
mainly because of the interfacial polarization. IE6 system shows more stable
dielectric loss than CE/ACNTB within a broad frequg range. Overall, the dielectric
measurement results indicate that one can tailer dlelectric properties of CE
composites by tuning the content of MCs. For instarCE/15MCs shows the highest
dielectric constant of 12.8-16.6 and a low dielecloss of 0.022-0.066. Therefore,
CE/MCs composites are also attractive for dieleapplications.
4. Conclusions

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

Because of the excellent mechanical property of ABNand the crack-pinning or
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crack-blunting behaviors at the vicinity of the dtgpath adjacent to ACNTB or MCs,
the addition of epoxy@ACNTB MCs and pristine ACNT8n improve the mechanical
property of CE composites. CE/5MCs shows the optiftexural strength, impact
resistance and tensile strength, which are 59%, 4B6&8632% higher than that of CE,
respectively. The addition of ACNTB increases therage modulus of CE, but MCs
can effectively increase the loweg ®f CE composites. The addition of ACNTB and
MCs also can increase the thermal conductivity dadrease the CTE values of CE
mainly because of the presence of ACNTB with ouditag thermal conductivity and
thermal stability property. CE/MCs and CE/ACNTB shbetter flame retardancy than
CE mainly owing to the existence of ACNTB, whichncsignificantly promote the
formation of compact charred layers. CE/MCs and ATEMTB also exhibit higher
dielectric property than CE for the presence of ABNCE with 15 wt% MCs shows
the highest dielectric constant of 12.8-16.6 arldva dielectric loss of 0.022—0.066.
Overall, CE with appropriate content of MCs canvghuore excellent comprehensive
performance than CE/ACNTB for the significantly desed defects of ACNTB and
the chemical interaction between MCs and CE mat@rmpared with traditional
inorganic filler/CE composites, the present CE/ME&gstems show a promising
application in developing high performance selfiimga composites with excellent
mechanical, thermal and flame retardancy and dratgaroperties.
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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 14 2.1 3 5 10 15
(EVI_\I//R”FI\;) 3473 301.0 2643 251.3 2131 2423 2575 2439 2253
('I?Vl;l/}?rr?) 1106 1027 1041 1120 1141 103.3 971 1053 1115
EHC

(mI/kg) 199 202 197 195 1938 192 192 193 196
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(a) ACNTB
Fig. 1 SEM images of ACNTB and epoxy@ACNTB MCs
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