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We have developed multi-walled carbon nanotube/liquid crystalline epoxy composites and

studied the effects of incorporation carbon nanotubes (CNTs) on the morphology, thermal

and mechanical properties of the composites. The CNTs are functionalized by liquid crys-

talline (LC) 4,4 0-bis(2,3-epoxypropoxy) biphenyl (BP) epoxy resin for the ease of dispersion

and the formation of long range ordered structure. The epoxy functionalized CNT (ef-CNT)

were dispersed in the LC BP epoxy resin that can be thermal cured with an equivalent of

4,4 0-diamino-diphenylsulfone to form composite. The curing process was monitored by

polarized optical microscopy. The results indicate the LC resin was aligned along the CNTs

to form fiber with dendritic structure initially then further on to obtain micro-sized spher-

ical crystalline along with fibrous crystalline. With homogeneous dispersion and strong

interaction between nanotubes and matrix, the composite containing 2.00 wt.% ef-CNT

exhibits excellent thermal and mechanical properties. When the amount of ef-CNT

exceeds 2.00 wt.%, vitrification stage of curing is fast reached, which lowers the degree of

conversion. As compared with the neat resin, the composite containing 2.00 wt.% ef-CNT

increases the glass transition temperature by 70.0 �C, the decomposition temperature by

13.8 �C, the storage modulus by 40.9%, and the microhardness by 63.3%.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Composites that contain nanosized fillers have recently at-

tracted a great deal of research interests. This is because their

properties derive synergistically from the interactions among

the components. Among all types, carbon nanotubes (CNTs)/

polymer would be one of the most potential composite sys-

tem for aerospace and many other industrial fields [1–6].
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CNTs are found to have unique structural arrangement of

atoms, high aspect ratio and excellent mechanical, thermal

and electrical properties, making them ideal reinforcing com-

ponents in host polymer matrices [7–10]. Additionally, CNTs

are highly flexible. This property confers remarkable advanta-

ges to CNTs over conventional carbon fibers in composite

processing [8]. Thus, researchers have shown great interest

in using CNTs for high performance composite applications.
.
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The incorporation of CNTs into epoxy resins not only im-

proves the electrical, thermal and mechanical properties of

epoxy resins but also modifies their processing behaviors

[2,11–14].

Liquid crystalline (LC) epoxy resin containing mesogenic

rigid rod segment can form high crystalline domains under

certain conditions. The mesogen groups of LC epoxy resin

can align along a specific direction and then the epoxy func-

tionality can be crosslinked to fix the alignment between

chains to form self-reinforcing composite materials. There-

fore, mesogen aligned and crosslinked LC epoxy resins offer

better thermal and mechanical properties than that of con-

ventional epoxy resin [15–21]. However, to obtain long range

order aligned mesogen groups for further improved thermal

and mechanical properties, researchers have explored using

rather extreme magnetic field that requires precisely con-

trolled temperature [22–24]. However, LC epoxy resins can

be further reinforced by a second phase, and the alignment

of the mesogen phase of LC epoxy is expected to be enlarged

and elongated due to the presence of high aspect ratio second

phase, such as CNTs. Therefore, it is possible to fabricate a

composite possessing high mechanical properties, good ther-

mal stability and electrical conductivity for aeronautic and

astronautic engineering by utilizing both LC epoxy resin and

CNTs. To date, there are very few reports of this type of com-

posite [25].

CNTs are difficult to be dispersed into a polymer matrix

due to strong van der Waal force is induced by the tremen-

dous surface area of CNTs, which leads CNTs to bundle and

aggregate together. For efficient reinforcement, the strong

interfacial interaction between CNTs and the matrix is neces-

sary to contribute the efficient load transfer from the matrix

to CNTs. Many studies have demonstrated the application

of chemical modification to the nanotubes can effectively im-

prove the dispersion of CNTs in polymer matrix and therefore

improve the physical properties of the composites [1–5,10].

We have developed a method for grafting LC epoxy func-

tional groups onto the surface of CNTs. This allows function-

alized CNTs to be easily dispersed into the LC epoxy resin.

Then, the LC epoxy resin containing functionalized CNTs fur-

ther reacts with curing agent to form a high performance

composite. The resin system is made of 4,4 0-bis(2,3-epoxy-

propoxy) biphenyl (BP) LC epoxy resin and 4,4 0-diamino-

diphenylsulfone (DDS) curing agent. The thermal and

mechanical properties of the cured composites are examined

with thermomechanical analysis (TMA), thermogravimetric

analysis (TGA), dynamic mechanical analysis (DMA) and

microhardness testing. The fibrous and spherical microstruc-

tures of cured composite were observed by polarized optical

microscope (POM), scanning electron microscope (SEM) and

transmission electron microscope (TEM). Incorporating func-

tionalized CNTs into the LC resin system induces the forma-

tion of crystalline phase in the composite, thus greatly

enhances the thermal and mechanical properties of the com-

posite as compared with the neat LC epoxy resin system. Fur-

thermore, the incorporation of thermal conductive CNT has

accelerated the curing reaction of epoxy resin [26]. However,

the excessive amount of CNT in matrix has resulted in reach-

ing vitrification stage quickly and lowering the degree of
conversion. We have observed the mechanical properties

are decreased when the amount of CNT is >2.00 wt.%.

2. Experimental

2.1. Materials

The multi-walled carbon nanotubes (MWCNTs) were pur-

chased from DESUN Nano Company (Taiwan) with an average

diameter of �20–30 nm, length of �15 lm. The curing agent,

diamino diphenyl sulfone was purchased from Acros. The LC

epoxy resin, 4,4 0-bis(2,3-epoxypropoxy) biphenyl was synthes-

ised as previous described [15]. Typically, 22.00 g 4,4 0-dihy-

droxybiphenyl was mixed with 190.0 ml epichlorohydrin and

0.82 g benzyltrimethylammonium bromide as a catalyst in a

500.0 ml 3-necked round bottom flask equipped with a 24/40

ground joint, a reflux condenser, and a magnetic stir-bar. Nitro-

gen purges for 30 min prior to the reaction to ensure the whole

system was under an inert environment. The solution was

heated to 120 �C and refluxed for 40 min until the solution ap-

peared clear. Next, 15 wt.% NaOH solution (360.0 ml) was in-

jected into the solution flask at a constant rate of 2.0 ml/min

by using a programmable dispenser. After injecting the NaOH

solution, the solution was cooled to room temperature and

stirred for one more hour to allow the unreacted NaOH to react

with epichlorohydrin. We obtained white precipitates of BP

epoxy resin that floated in the solution. The precipitates were

collected by filtration through 1 lm filter paper and then puri-

fied by rinsing with water and methanol respectively. Finally,

the collected precipitates were dried in a vacuum oven over-

night to obtain a white powder of BP epoxy resin with a melting

point of 154 �C. The product has an epoxy equivalent weight of

180 g/mole according to the HCl-pyridine titration.

2.2. CNTs functionalization

4.00 g pristine CNT (p-CNT) was added into a 400.0 ml mixture

of HNO3:H2SO4 (volume ratio = 1:3). The p-CNT containing

mixture was refluxed at 80 �C for 6 h and cooled to room

temperature before it was diluted with distilled water 1:5 by

volume. The solution was then filtered with the polytetrafluo-

roethylene (PTFE) filter of 0.2 lm pore size to collect the acid

washed p-CNT. After collection, the acid washed p-CNT was

rinsed with excess water and then dried at 105 �C for 24 h.

Thus, acid modified CNT (a-CNT) was then obtained. Further

functionalization was carried out by esterification between

a-CNT and BP epoxy resin.

2.00 g a-CNT and 3.00 g BP epoxy resin were dispersed in

200.0 and 300.0 ml tetrahydrofuran (THF) respectively and

then ultrasonicated in a 100 W bath sonicator for one hour

at room temperature. After mixing the two solutions and ultr-

asonicating for an additional hour, 8.96 g KOH was added into

the solution as a catalyst before the solution was refluxed at

70 �C for 6 h. The epoxy functionalized CNT (ef-CNT) were col-

lected by filtration with PTFE filter and then dried as black

powder. p-CNT, a-CNT and ef-CNT were characterized by

using Fourier transform infrared spectrometer (JASCO FT/IR-

480 Plus), and transmission electron microscope (JOEL

JEM-1230).
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2.3. Preparation of composites

1.50 g BP epoxy resin and required amount of ef-CNT (0.50,

1.00, 2.00, 4.00 and 10.00 wt.% ef-CNT, respectively) were dis-

persed in 20 ml THF. The solutions of mixtures were then ball

milled for 48 h using zirconia milling balls. After ball milling,

a 60 mesh sieve was used to separate the solution from

zirconia milling ball. The solvent was removed by a rotary

evaporator and the obtained gray powder product was

vacuum-dried overnight.

2.4. Preparation of bulk composite samples

The composites with different ef-CNT compositions were pre-

pared by mixing ef-CNT, BP epoxy resin and curing agent,

DDS, based on the epoxide equivalent weight ratio of

BP:DDS = 180:62. 1.00 g of the composite mixture was put into

a 2 · 2 cm square mold and heated under a pressure of

245.38 kg/cm2. The curing cycles of composite samples were

set at 180 �C/12 h, 220 �C/10 h and post cure 250 �C/8 h. For

the DMA measurement, the samples were cured at

180 �C/48 h, 220 �C/10 h and 250 �C/8 h. The surface of the

cured samples was further polished with sandpaper of 800,

1000, and 2000 grits respectively, yielding samples have a

thickness of �2 mm.

2.5. Characterization of the bulk composites

For TEM observation, the cured samples were microtomed

into 100 nm slices and then the TEM images were taken with

a JEOL 1230 microscope operated at an accelerating voltage of

100 kV. The cured samples for SEM observation were frac-

tured into small chunks and stuck onto a holder using carbon

tape. The SEM images of the fractured samples were taken by

using a JOEL JSM-6700F field emission scanning electron

microscope at an accelerating voltage of 7.5 kV. The SEM sam-

ples were coated with platinum for better conductivity before

viewing.

A TA instruments TGA 2950 was used to probe the thermal

stability of the composites. 10–15 mg of the cured samples was

weighed in a platinum pan. The experiments were performed

from 30 to 600 �C at a rate of 10 �C/min under N2. A TA instru-

ments TMA 2940 was used to measure the dimensional
Fig. 1 – Chemical struct
changes in micro-scale. The experiments were performed

from 30 to 300 �C at a rate of 10 �C/min under N2. The cured

samples were trimmed into a dimension of 5 · 20 · 2 mm for

measuring the mechanical properties by using a TA instru-

ments Q800. The experimental conditions were set at 3-point

bending mode, 1 Hz frequency, and 0.44 mm amplitude. The

experiments were carried out from 30 to 300 �C at a rate of

2 �C/min under N2. A HMV Micro Hardness Tester equipped

with a Vickers diamond probe was used to determine the

hardness in micro-scale. These tests were conducted with

the loading force of 0.5 kg and a loading time of 10 s.

A Leica DM 2500 M microscope equipped with a cross pola-

rizer, a digital camera (Leica DFC 420 C), and a Linkam CSS450

optical shearing system were used to image the LC phase of

the epoxy resins during the heating process. Thin film resin

samples were pressed between glass slides and the experiment

was performed in air. For both the neat BP epoxy resin and

2.67 wt.% ef-CNT/BP, samples were heated at a rate of 2 �C/

min until the samples melted at 165 �C. This temperature

was held until the samples completely melted (about 30 min).

Then the samples were cooled to room temperature at a rate

of 0.5 �C/min. As the birefringence appeared at 162 �C, the tem-

perature was held for observation. For BP/DDS resin system,

the melting and observation temperatures were 140 and

137 �C, respectively. The crystalline structures of both cured

thin film and bulk samples were observed after curing process.
3. Results and discussion

3.1. BP/DDS resin system for the matrix of composite

The LC epoxy resin, BP was blended with an equivalent curing

agent of DDS to make the matrix of the composite. DDS was

chosen because it is commonly used in high performance

epoxy based composite [27]. Fig. 1 shows the chemical

structure of each component in the matrix.

3.2. CNT functionalization

Functionalizing CNTs has been shown to enhance homoge-

neous dispersion of CNTs in various organic solvents and

polymer matrices [1,28]. We have thus modified the surface
ures of BP and DDS.
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of the CNTs, first with a mixture of acids, then with LC epox-

ide functional groups for composite fabrication. The acid

washing procedure removes amorphous carbon and impuri-

ties left from the CNT fabrication process, and at the same

time induces some structural destruction to shorten the CNTs

and create reactive sites on the surface of CNTs for the car-

boxylic groups to anchor on. Functionalizied nanotubes with

LC epoxy resin encourage covalent bonding between the

tubes and the epoxy resin and enhance the interfacial inter-

action for more ordered nanostructure. Surface modifications

of CNTs were evaluated by TEM and characterized by using

Fourier transform infrared spectroscopy (FTIR).

The FTIR spectra of p-CNT, a-CNT and ef-CNT are shown in

Fig. 2 and the variation of absorption peaks have been dis-

cussed in our previous study [26]. These peaks are similar to

those reported in previous literatures [29,30]. The presence

of the epoxide ring peak implies that only part of the epoxy

rings are opened and reacted, allowing for subsequent curing

reaction.

The effects of the treatment on surface morphology can be

detected by TEM. A very smooth surface can be observed on p-

CNT (Fig. 3(a)) while a rough and damaged surface is shown

on a-CNT (Fig. 3(b)). After a-CNT reacts with BP epoxy resin,

the BP warps up and covers the CNTs and results in smoother

surface than the acid-treated ones, as shown in Fig. 3(c).

The effect of functionalizing CNT on dispersion can be

viewed in Fig. 4. After sonication, p-CNT still exhibits

aggregation in water while a-CNT has increased dispersion.

Furthermore, ef-CNT can be dispersed in THF much better

than a-CNT after sonication as shown in Fig. 4(c) and (d).

The epoxide groups attached to the CNTs create a barrier

and debundle the gathered CNT. Concurrently, these epoxide

groups increase the polarity of the tubes and hence increase

the dispersion of the CNT in THF, which is a polar solvent.

The functionalization of CNTs with LC epoxy resin not only

efficiently achieves homogeneous dispersion but also in-

creases the ordering morphology of composite which will be

discussed in the following section.

3.3. Morphology study of the composite of LC epoxy resin/
CNT

CNTs nucleating polymer during crystallization has been

reported in CNTs/isotactic polypropylene (iPP) composite.
Fig. 2 – FTIR spectra of p-CNT, a-CNT and ef-CNT.

Fig. 3 – TEM images of: (a) p-CNT, (b) a-CNT and (c) ef-CNT.
The iPP crystals form a transcrystalline layer of aligned iPP

lamellar crystals around the nucleating CNT [5]. For in situ

polymerized CNTs/polyaniline (PANI) composite, the new or-

dered structure of PANI has been induced due to the CNTs

nucleating cores and aniline monomers aligning on the sur-

face of the CNTs before the initiation of polymerization.

And thus, both the electrical conductivity, thermal stability

have been improved due to the incorporation of CNTs [31].

In this study, we have observed the similar nucleating effect

contributed by ef-CNT. The birefringence of the LC phase is

clearly observed in the neat BP epoxy resin as shown in



Fig. 4 – Effect of CNT functionalization on its dispersion: (a)

p-CNT in water, (b) a-CNT in water, (c) a-CNT in THF, and (d)

ef-CNT in THF.
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Fig. 5(a). The 2.67 wt.% ef-CNT was dispersed in the BP resin

and then cured with an equivalent DDS to make 2.00 wt.%

ef-CNT/BP/DDS composite. When the BP epoxy resin contain-

ing 2.67 wt.% ef-CNT is heated to the LC temperature of BP

epoxy resin (162 �C), the liquid crystal phase appears to grow

toward a certain direction and induce an anisotropic crystal-

lization. The micro-sized LC phase with fibrous structure is
Fig. 5 – POM images of: (a) LC phase of BP epoxy resin, (b) crystall

cured thin film of 2.00 wt.% ef-CNT/BP/DDS, (e) the top view an

composite bulk sample.
formed as shown in Fig. 5(b). Fig. 5(c) shows the crystalline

morphology of cured BP/DDS resin. Its crystalline size is much

smaller than that of neat BP epoxy resin due to the presence

of DDS. The radially aligned morphology of BP/DDS resin indi-

cates the crystalline is assembled along a certain direction. By

adding ef-CNT in BP/DDS resin system results in the forma-

tion of long, straight and fibrous crystalline in a film sample,

as shown in Fig. 5(d). Confining ef-CNT/BP/DDS between two

glasses makes film sample devoid of spherical crystalline. The

spherical crystalline (Fig. 5(e)) and the fibrous crystalline

along with the spherical crystalline (Fig. 5(f)) are observed

on the top surface and the fracture surface of ef-CNT/BP/

DDS bulk sample respectively. We propose that during the

curing process, the fibrous crystalline initially forms

(Fig. 5(d)) and then grows into large spherical crystalline in

the bulk sample (Fig. 6(a)).

The morphology of the cured ef-CNT/BP/DDS composite

was investigated further by using SEM and TEM. For

2.00 wt.% ef-CNT/BP/DDS composite sample, the SEM image

of the composite shows a large spherical crystalline structure

that grows out of the fine crystalline structure (Fig. 6(a))

which is similar to what is observed in Fig. 5(f). Fig. 6(b), the
ine of 2.67 wt.% ef-CNT/BP, (c) cured BP/DDS resin system, (d)

d (f) fracture surface of cured 2.00 wt.% ef-CNT/BP/DDS



Fig. 6 – SEM images of: (a) the fracture surface, (b) higher

magnification of the red**** square area of the fracture

surface of cured 2.00 wt.% ef-CNT/BP/DDS composite and (c)

the fracture surface of 10.00 wt.% ef-CNT/BP/DDS composite.

(For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this

article.)

Fig. 7 – TEM images of: (a) branch structures, (b) higher

magnification of branch structures, and (c) isolated ef-CNT

in ef-CNT/BP/DDS composite. The presence of ef-CNT in the

composite is pointed out by red circles in (b). (For

interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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enlargement of the fine crystalline area (red*** square of

Fig. 6(a)) can tell the nanotubes are debundled, embedded

and distributed throughout the matrix demonstrating effec-

tive functionalization and strong interaction between CNT
and LC epoxy matrix. However, Fig. 6(c) shows the aggregates

of ef-CNT in 10.00 wt.% ef-CNT/BP/DDS composite, which

demonstrates CNTs tend to be entangled at higher concentra-

tion. Thus, a phase separation is occurred which lowers the

mechanical strength of the composite at 10.00 wt.% ef-CNT

loading. For the TEM study, 2.00 wt.% ef-CNT loading samples

were used. Large branch structures are observed in the TEM



ig. 8 – (a) TMA thermographs of bulk ef-CNT/BP/DDS

omposites, (b) storage modulus and (c) ratio of loss

odulus to storage modulus (tan d) of ef-CNT/BP/DDS

omposites obtained by DMA. The inset in (c) shows an

nlargement of tan d vs. Temperature at the temperature

ange of 250–295 �C.
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image as shown in Fig. 7(a). Under the higher magnification,

Fig. 7(b) demonstrates that the crystalline structures are

formed by the LC epoxy resin with ef-CNTs wrapped inside

the crystal. This suggests that the branch structures of

wrapped ef-CNTs act as the nuclei for growing fibrous crystal-

line and then eventually spherical crystalline. Meanwhile,

few isolated ef-CNT (Fig. 7(c)) are also observed in the ef-

CNT/BP/DDS composites indicating that the nucleating is

not formed simultaneously throughout the matrix. Neverthe-

less, the incorporation of high thermal conductivity ef-CNT

into matrix affords local nanoscale heating and formation

of nucleating branches for the crystallization and accelerates

the curing of ef-CNT/BP/DDS composite as well [26].

3.4. Thermal properties of ef-CNT/LC epoxy composites

With the incorporation of CNTs, the thermal properties of the

LC epoxy resin are greatly improved. This observation is sup-

ported by TMA, DMA and TGA investigations.

Thermomechanical analysis (TMA) is a sensitive instru-

ment which can measure the dimensional changes at mi-

cro-scale. Two transition points as glass transitions

temperatures (TMATg1 and TMATg2) are observed in the curves

shown in Fig. 8(a). Both TMATg1 and TMATg2 of ef-CNT/BP/DDS

composites are calculated and listed in column 2 and the col-

umn 3 of Table 1, respectively. These two transitions imply

that the reaction is a two-stage cure for the primary and sec-

ondary amines of DDS. The transitions are minor in the low

ef-CNT concentration samples. However, for the samples

with ef-CNT loading greater than 2.00 wt.%, the effect of ef-

CNT addition on the degree of cure is dramatic since the poly-

mer molecules are limited by an antedated vitrification and

the physical presence of CNTs. In TMA analysis, both TMATg1

and TMATg2 increase from 191.3 and 204.6 �C for the neat

epoxy resin, to 224.7 and 238.7 �C, respectively, with an

increasing ef-CNT to 2.00 wt.%. The Tg increases because ef-

CNT helps to immobilize the epoxy resin by holding the mol-

ecules together with strong interfacial interactions of rela-

tively rigid ef-CNT. However, Tg decreases in higher ef-CNT

concentrations because the high thermal conductivity of the

CNTs accelerates the curing reaction to vitrification and re-

sults in a lower degree of conversion. The presence of un-

cured resin decreases the Tg of the composite. A detailed

curing kinetic study of this composite has been reported in

elsewhere [26].

The storage modulus and loss modulus properties of the

composite are examined by DMA. In order to test the storage

modulus at the exact same temperature for all the samples,

the test begins at 50 �C instead of the room temperature.

The storage modulus at 50 �C and the glass transition temper-

ature (DMATg) of the cured composites are shown in Fig. 8(b)

and (c) with summarized results in column 4 of Table 1,

respectively. Since the mechanical properties of reinforced

composite strongly depend on the load transfer efficiency be-

tween the matrix and the reinforcement, functionalized CNTs

are expected to strongly influence the elastic properties of the

epoxy resin matrix. The storage modulus reveals that the

amount of elastic energy stored in the composite is correlated

to the mechanical properties and geometry of the reinforce-

ment, the interfacial bonding characteristics, composite
F

c

m

c

e

r

morphology and the reinforcement composition. The neat

epoxy resin has a storage modulus of 2.27 GPa and it is

strengthen to 3.20 GPa, a 40.89% improvement, by 2.00 wt.%

ef-CNT incorporation. This improvement results from the ex-

tremely high moduli of CNTs and their positive interactions

with the polymer matrix. From Fig. 8(c), we can also see that

the thermal stability of the composite is greatly improved.

The tan d (tan delta) is calculated from the ratio of loss mod-

ulus to storage modulus and the maximum peak position of

tan d is an indication of the glass transition temperature

(DMATg) of the composites. The DMATg of ef-CNT/BP/DDS



Fig. 9 – TGA thermographs of bulk ef-CNT/BP/DDS

composites at different ef-CNT loading.

Table 1 – Summary of thermal and mechanical properties of ef-CNT/BP/DDS composites.

wt.% of
ef-CNT

Properties

TMATg1 (�C) TMATg2 (�C) DMATg (�C) Storage
modulus at
50 �C (GPa)

Td (�C) Residual
at 600 �C (wt.%)

Hardness
[Hv(±SD)]

0.00 191.30 204.59 202.91 2.27 347.94 29.28 16.62(0.48)
0.50 196.79 230.70 254.86 2.96 358.44 26.60 20.99(0.50)
1.00 204.81 229.44 271.94 3.04 354.34 28.15 24.52(0.80)
2.00 224.71 238.65 272.87 3.20 361.71 29.09 27.14(1.22)
4.00 201.33 245.67 258.61 2.89 357.89 32.19 27.86(2.20)

10.00 184.01 241.63 205.91 2.41 357.94 37.20 28.02(1.80)
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composites is raised from 202.91 �C for neat BP/DDS resin to

272.87 �C, with a 70.0 �C difference, after 2.00 wt.% ef-CNT is

added into the composite. The improvement in DMATg is

mainly attributed to the immobilization of reinforced LC

epoxy resin through the formation of chemical bonding be-

tween the resin and functionalized CNT. Meanwhile, the

amplitude of the tan d peak is reduced, suggesting again that

thermal stability is significantly enhanced since the polymer

chain mobility is constrained even at high temperature. The

mechanical properties of the composite are indeed enhanced

by the incorporation of CNTs. Notice that 10.00 wt.% ef-CNT/

BP/DDS displays the similar storage and loss modulus behav-

iors to those of neat BP/DDS resin. The result is due to the for-

mation of aggregates of ef-CNT (see Fig. 6(c)) and fast reaching

the vitrification stage of curing reaction. Thus, the reinforcing

effect from ef-CNT and the degree of conversion of composite

resin are constrained.

Thermal stability of the composites can be investigated by

TGA and the results are shown in Fig. 9. The decomposition

temperature (Td) of the composite is determined at 5% weight

loss and listed in Table 1. The Td of the neat epoxy resin is

347.94 �C and is increased with an increasing of ef-CNT com-

position up to 2.00 wt.%. For the 0.50 wt.% ef-CNT sample, the

decomposition temperature reaches 361.71 �C. Others

researchers have shown an obvious increase in the Td of

CNTs/polymer composites after incorporating small amount

of CNTs. However, progressively increasing the CNT percent-

age in polymer matrices results in an irregular increasing
trend of Td [32–34]. This phenomenon could arise from the en-

hanced thermal conductivity that is contributed by the in-

creased amount of CNTs [26]. The functionalization of CNT

substantially increases the interfacial bonding between the

matrix and the reinforcement, efficiently reinforcing it to

form a firm structure that is thermally stable. However, the

Td is decreased when the content of ef-CNT is higher than

2.00 wt.%. 10.00 wt.% ef-CNT sample has a Td of only

357.94 �C, because the accelerated curing reaction vitrifies

the matrix and decreases the curing conversion of the com-

posites as described above. It is interesting to note that the

residue amounts of the low ef-CNT concentration (< 2.00

wt.%) composite are lower than that of the neat epoxy resin

(Table 1 column 7). The high thermal conductivity of CNTs

may promote thermal decomposition of resin that is adjacent

to them. As more ef-CNT is added into the composite, the ex-

tent of decrease is lowered due to an increase in the amount

of thermal stable carbon.

3.5. Mechanical properties of ef-CNT/LC epoxy composites

The mechanical property of the composites is studied using a

microhardness test (Table 1 column 8). When materials have

higher crystallinity or are orderly arranged, their hardness in-

creases. Also, adding reinforcement into an epoxy matrix in-

creases the hardness of composite. The Vickers hardness of

the neat epoxy resin is only 16.62 ± 0.47, while the condensed

MWCNT film has a Vickers hardness of 9.2 ± 1.3 [35]. The

hardness improves to 27.14 ± 1.22 Hv (a 63.3% increase as

compared with cured BP/DDS resin system) when the content

of ef-CNT is 2.00 wt.%. Since CNTs are resilient materials,

homogeneously dispersed CNTs can add rigidity and hard-

ness via interfacial interaction with the polymer matrix.

Thus, the soft polymer matrix holds together when chal-

lenged by an applied force and the mechanical properties

are improved. Another reason for the increase in hardness

is that ef-CNT induces long range alignment of LC epoxy resin

to forming the fibrous domains of high crystallinity. Higher ef-

CNT concentrations (>2.00 wt.%) affects the curing reaction

and attenuates any strengthening effects that usually result

from ef-CNT.

4. Conclusions

MWCNT/LC epoxy composite was prepared using LC epoxy

functionalized MWCNT. The composite exhibits significantly
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enhanced physical properties. Successful functionalization of

CNTs disrupts the strong van der Waals force between the

nanotubes, preventing them from bundling together. More-

over, the BP epoxy resin grafted on ef-CNT increases the inter-

facial interaction between the nanotubes and the epoxy resin,

increasing dispersion within the matrix. Due to the good

interfacial interaction, the force applied on the matrix can

be transferred to the nanotubes with improved thermal and

mechanical properties. The LC epoxy resin molecules tend

to align along the CNTs, resulting in an increase in the crys-

talline domain. Therefore, the ordered structures further im-

prove the mechanical properties of the CNTs reinforced LC

epoxy resins composite. Composites with 2.00 wt.% ef-CNT

give the best overall performance among the composites.

Since CNTs are found to influence the curing process and af-

fect the crosslinking of the epoxy resins, higher compositions

of ef-CNT do not give better performance. The addition of ef-

CNT into the LC epoxy resin induces the formation of large LC

domains and thus, the performance of composite is en-

hanced. This research provides an alternative novel material

for strong and light-weight structural applications.
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