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A B S T R A C T

A self-assembled multi-walled carbon nanotube−montmorillonite (MWCNT−Mt) hybrid wherein varied
MWCNTs contents were attached on the exfoliated Mt was constructed and further used to reinforce epoxy
composites. By just tuning mass ratios of MWCNT:Mt, the dispersion level of MWCNTs, exfoliation degree of Mt
and ultimately mechanical properties of resultant composites could be controlled. The effect of MWCNT−Mt
hybrids on structure-property relationships of epoxy composites was investigated. Under an optimal mass ratio
of MWCNT:Mt (0.1:1), the toughness of epoxy composites was significantly enhanced, revealing the synergistic
toughening effect of MWCNTs and Mt; the tensile and flexural strength of epoxy composites were improved by
26.8% and 20.4%, respectively; the storage modulus in the glassy region increased by 15.8%, compared with
epoxy composite containing pristine Mt.

1. Introduction

Epoxy resins (EP) have been widely used in engineering applications
due to their good chemical and moisture resistance, low thermal
shrinkage and excellent adhesion to many substrates [1,2]. However,
with the rapid development of industries such as electronic device,
power equipment and aerospace system, the mechanical properties of
the cured EP are called for higher requirements. The two-dimensional
(2D) sheet-like nanoclays, especially montmorillonite (Mt), have been
frequently applied to reinforce epoxies owing to its large surface area,
strong adsorption and ion exchange ability and moderate cost [3,4].
The one-dimensional (1D) tube-like multi-walled carbon nanotubes
(MWCNTs) are another attractive nanofiller for enhancing properties of
epoxies because of their high aspect ratios, large flexibility and high
strength and modulus [5–8]. A small amount of Mt or MWCNTs in-
corporated into EP can give the composites with good mechanical and
thermal properties [9–11]. For both 1D and 2D nanofillers, the uniform
dispersion and strong interfacial adhesion with epoxy matrices are the
challenging issues still [12,13]. Many efforts have been devoted to the
intercalation or exfoliation of Mt in EP and several studies have been
performed on the functionalization of MWCNTs and their dispersion in
EP [14,15].

Considering their special structures and properties, the incorpora-
tion of both Mt and MWCNTs into polymeric matrices has been studied
in the past decade [16,17]. The polymer-matrix hybrid composite

containing Mt and MWCNTs show superior properties when compared
with that filled with individual Mt and MWCNTs due to their synergistic
effect. The most widely used method for the preparation of hybrid
composites is to simply disperse Mt and MWCNTs separately in the li-
quid resin [18,19]. Unfortunately, this method is only suitable for low
loadings of Mt and MWCNTs because the viscosity of Mt/MWCNTs/
resin suspensions increases at high loadings [20]. Moreover, at high
loadings of Mt and MWCNTs, the exfoliation of Mt and dispersion of
MWCNTs in resins remain difficult even through these nanofillers have
been functionalized.

For overcoming the aforementioned shortcomings, a combination of
MWCNTs and Mt to form 1D/2D hybrid nanomaterials has attracted
considerable attention [21]. These MWCNTs/Mt hybrids can not only
improve the dispersibility of Mt and MWCNTs in polymeric matrix but
also enhance the interfacial interactions with the matrix. Several
techniques have been used to prepare the MWCNTs/Mt hybrids, such as
chemical vapor deposition (CVD) [22,23], dry grinding [24,25], and
layer-by-layer assembly [26,27]. Although extensive work has proven
that MWCNTs/Mt hybrids can play a positive role in their dispersion
and the properties of corresponding polymers, only a few has focused
on the effect of MWCNTs/Mt hybrids on mechanical properties of epoxy
composites.

Previously, the hybridization of Mt and MWCNTs was performed by
a simple yet effective self-assembly method [28]. Although the
MWCNT−Mt hybrids were dispersed well in epoxy, the mechanisms of
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MWCNTs on the exfoliation of layered Mt were not investigated deeply.
Inspired by this, the nanostructured hybrid wherein varied MWCNTs
contents were adsorbed on the surface of Mt was prepared here. A
systematic investigation was performed to study the effect of
MWCNT:Mt mass ratios on the structure and dispersibility of
MWCNT−Mt hybrids and mechanical properties of corresponding
epoxy composites. Furthermore, synergistic toughening mechanisms of
MWCNT−Mt hybrids for epoxy composites were also discussed. This
study demonstrates that the controllable mechanical properties can be
achieved through the structure-based design of MWCNT–Mt hybrids.

2. Experimental

2.1. Materials

Mt (FH−F3w; purity: ≥95%; cation exchange capacity: ∼110
mmol/100 g) was produced by Zhenjiang Fenghong New Material Co.,
Ltd (Huzhou, China). Carboxyl MWCNTs (carbon: ≥90%, diameter:
20–40 nm, length: ∼30 μm, −COOH content: ∼1.43wt.%) were pur-
chased from Chengdu Organic Chemicals Co., Ltd. (Chengdu, China).
The bisphenol-A type epoxy resin (Araldite LY 1564 SP; viscosity:
1200–1400mPa s) and its amine hardener (Aradur 3486; viscosity:
10–20mPa s) were provided by Huntsman Advanced Materials
Americas Inc. (Texas, USA). The chemicals including N,N-di-
methylformamide (DMF), 1-hydroxybenzotriazole (HOBt), triethylene-
tetramine (TETA), diisopropylcarbodiimide (DIC) and concentrated
hydrochloric acid (HCl) were supplied by Nanjing Chemical Reagent
Co., Ltd (Nanjing, China).

2.2. Preparation of self-assembled MWCNT–Mt

The MWCNT–Mt hybrid was prepared by a self-assembly method
[28], following the procedures:

(1) 10mg HOBt, 10mg DIC and 500mg carboxyl MWCNTs were dis-
persed into 100mL DMF using an ultrasonic bath (600W) for 0.5 h.
250mg TETA was then dissolved into the above suspension, fol-
lowed by slowly stirring at room temperature for 24 h.
Subsequently, the amino-functionalized MWCNTs were obtained
after filtrating and then washing with deionized water three times.

(2) Amino-functionalized MWCNTs were ultrasonically dispersed in
100mL deionized water, and 10mL HCl was then added dropwise
with stirring. After stirring for 0.5 h, the TETA salts-grafted
MWCNTs were obtained.

(3) 1000mgMt was dispersed in 40mL deionized water using an ul-
trasonic bath (600W) for 0.5 h and then stirred at 80 °C for 0.5 h.

(4) The treated Mt and TETA salts-grafted MWCNTs were mixed with
various mass ratios of MWCNT:Mt (0.05:1, 0.1:1 and 0.2:1) and
then stirred overnight at 80 °C, respectively. Finally, these filtrates
were washed with deionized water three times and dried to get
three types of self-assembled MWCNT–Mt, which was marked as
MWCNT–Mt(0.05:1), MWCNT–Mt(0.1:1) and MWCNT–Mt(0.2:1),
respectively.

To make a comparison, pristine Mt was treated with the same ul-
trasonic and thermal conditions as self-assembled MWCNT–Mt.

2.3. Fabrication of epoxy composites

A solution intercalation method was used to produce epoxy com-
posites containing Mt−MWCNT hybrids [28]. The epoxy mixture was
comprised of 0.5 wt.% of MWCNT−Mt hybrids, 100 wt.% of epoxy
resins and 34wt.% of amine hardeners. First, 0.25 g MWCNT−Mt hy-
brids were dispersed in 50.0 g epoxy resins by a magnetic stirring for
24 h at 400 rpm and then an ultrasonic water bath (KQ600-KDE; Kun-
shan Ultrasonic Instruments Co., Ltd, China) for 0.5 h at 600W.

Subsequently, the above mixture was milled on a three-roll mill (EXAKT
50; EXAKT GmbH, Germany) with a maximum rotation speed of
200 rpm. Three passes were performed by varying gaps (20 μm, 10 μm
and 5 μm, respectively) between feeding roller and center roller.

Upon completion of three-roll milling, 17.0 g amine hardeners were
added in the above mixture while magnetically stirring at 600 rpm for
10min. After that, the liquid resin suspensions were degassed in a va-
cuum oven (about −0.1MPa) at 40 °C for 15min, and then poured into
polytetrafluoroethylene molds, followed by curing at room temperature
for 24 h and then post-curing at 80 °C for 8 h.

Following the similar process, the epoxy composite containing
0.5 wt.% Mt (E/Mt) was also prepared. The epoxy composites filled
with 0.5 wt.% of MWCNT–Mt(0.05:1), MWCNT–Mt(0.1:1) and
MWCNT–Mt(0.2:1) were marked as E/M-Mt(0.05:1), E/M-Mt(0.1:1)
and E/M-Mt(0.2:1), respectively.

2.4. Characterization

Fourier transform infrared (FTIR) spectra was recorded using a
Vertex 80v FTIR spectrometer (Bruker, Germany) within the wave
numbers range of 400–4000 cm−1. Energy dispersive X-ray spectro-
meter (EDX; EX-250, Horiba, Japan) was used to explore the element
distribution in the interface regions between Mt and MWCNTs. Field-
emission scanning electron microscopy (SEM; SU8010, Hitachi, Japan)
was performed to investigate the surface morphology of nanofillers and
fracture surface of epoxy composites. All the observed samples were
coated with a layer of gold before tests.

The microstructure of the nanofillers and their dispersion in epoxy
composites were detected using transmission electron microscopy
(TEM; JEM-1400, JEOL, Japan). X-ray diffraction (XRD; ARL-X’TRA,
Thermo Scientific, USA) was used to examine structural changes of the
nanofillers and corresponding composites, operating at room tempera-
ture with Cu-target Kα radiation (λ=0.154 nm). The thermal gravi-
metric (TG) and differential thermal gravimetric (DTG) analysis of the
nanofillers were evaluated by thermogravimetric analyzer (Pyris 1
TGA, PerkinElmer Inc., USA) at a heating rate of 10 °C/min from room
temperature to 800 °C in an air atmosphere.

The tensile and flexural tests were conducted using a universal
testing machine (Model 3343, Instron Corp., Canton, Mass., USA) in
referring to ISO 527-2:2012 and ISO 178:2010, respectively. Both tests
were carried out at room temperature and the effective data were the
average of five specimens for each composite. Dynamic mechanical
thermal analysis (DMTA) was conducted using a TA instruments Q800
machine (USA) under air. DMTA tests were performed under three-
point bending mode at a frequency of 1 Hz and a heating rate of 5 °C/
min from room temperature to 180 °C.

3. Results and discussion

3.1. Structure and morphology of MWCNT–Mt

FTIR spectra of Mt, carboxyl MWCNTs and MWCNT–Mt with var-
ious mass ratios are shown in Fig. 1. For the Mt, the peak at 3632 cm−1

is attributed to the O–H stretching of lattice water in Mt, and the peaks
at 3436 cm−1 and 1640 cm−1 are assigned to stretching and deforma-
tion vibrations of –OH [29]. The peaks at 3436 cm−1 and 1705 cm−1

are ascribed to the stretching vibrations of –OH and C=O, respectively,
both of which come from –COOH moieties on carboxyl MWCNTs
[11,30]. Significantly, the peak intensity of three types of MWCNT−Mt
at 3436 cm−1 is higher than that of carboxyl MWCNTs, presumably due
to the overlapping of –OH and –NH– stretching vibrations. The bending
vibration of C–N appears at 1157 cm−1. The peaks at 2931, 2853 and
1463 cm−1 are indicative of –CH2– stretching and bending vibrations,
arising from the TETA salts. Furthermore, the peak intensities of –NH–
and –CH2– are enhanced with the increase of MWCNT contents in hy-
brids. The existence of these bonds (i.e., C=O, –NH–, C–N and –CH2–)
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indicates that TETA salts are chemically linked on the MWCNTs surface.
For evaluation of the interaction between Mt and MWCNTs, all the

types of MWCNT−Mt hybrids were investigated by SEM and EDX, as
displayed in Fig. 2. The element C comes from the additives in Mt,
carboxyl MWCNTs or TETA, and the elements Mg and Ca arise from Mt.
Specially, the element N existed in MWCNT–Mt mainly comes from
TETA. With the introduction of TETA salts-grafted MWCNTs, the C% for
MWCNT–Mt is raised by 1.58–2.64 times; element N content is im-
proved to 9.37–20.29%; the total amount of Mg and Ca are significantly
reduced, as compared with those of Mt. Moreover, as the TETA salts-
grafted MWCNTs increase, both C% and N% are raised while the total
amount of Mg and Ca exhibit a down-trend. These data indicate that
TETA salts-grafted MWCNTs can be assembled on the surface of Mt
sheets by a cation-exchange reaction; a strong interfacial bond between
Mt and MWCNT is successfully achieved.

The structures of Mt and MWCNT–Mt with different mass ratios
were detected by XRD, as shown in Fig. 3(a). A sharp diffraction peak at
about 7.07° in pristine Mt is observed, which is attributed to the 001
reflection. For the MWCNT–Mt, the 001 reflection of Mt is shifted to
4.07°–4.75°, suggesting that the d001 spacing of Mt is expanded. It in-
dicates that TETA molecules grafted on the MWCNTs are inserted into
the layered Mt and thus pre-exfoliate Mt. This result can be further
identified from TEM images (see Fig. 3(b)). It is evident that the Mt in
MWCNT–Mt(0.1:1) exhibits the transparent sheet and MWCNTs are
uniformly dispersed on the Mt sheet. In contrast, some Mt sheets are
stacked in MWCNT–Mt(0.05:1) when the MWCNTs content is low;
however, at high MWCNTs contents, the MWCNTs are bundled in
MWCNT–Mt(0.2:1) although no stacked Mt sheets are found. These
results demonstrate that TETA salt-modified MWCNTs can assist in the
pre-exfoliation of Mt sheets.

In order to evaluate the thermal stability of MWCNT–Mt hybrids
and corresponding amounts of MWCNTs, all the hybrids were in-
vestigated by thermogravimetric analysis, as presented in Fig. 4. The Mt
shows two major mass losses, which occurred at around 38 °C and
500 °C, respectively. The first mass loss (approximately 15%) reveals
the release of crystal water within clay minerals and the second mass
loss (approximately 3%) is attributed to the dehydroxylation of the
aluminosilicate [31]. The residual mass at over 700 °C corresponds to
the clay. As seen in Fig. 4(a), initial decomposition temperature of
MWCNT–Mt hybrids is lower than that of pristine Mt. Due to the in-
corporation of a small number of MWCNTs, the thermal stability of
MWCNT–Mt(0.05:1) is significantly reduced. With the increase of
MWCNTs, the mass loss rate of MWCNT–Mt hybrids decreases when the
temperature is over 100 °C, which is attributed to the synergistic effect
of MWCNTs and Mt. It is also noted that a significant mass drop occurs
between 500 °C and 700 °C, indicating the decomposition of MWCNTs

and dehydroxylation of Mt. During this decomposition process, the
samples MWCNT–Mt(0.05:1), MWCNT–Mt(0.1:1) and MWCNT–Mt
(0.2:1) display the mass losses of 6.4%, 10.7% and 16.8% (Fig. 4(a)),
corresponding to the oxidation temperatures of 621.9 °C, 632.2 °C and
618.2 °C (Fig. 4(b)), respectively. It can be concluded that the
MWCNT–Mt(0.1:1) exhibits the lowest mass loss rate and highest de-
composition temperatures, implying superior thermal stability of hy-
brids.

3.2. Intercalation and dispersion of MWCNT–Mt in composites

The effect of MWCNT–Mt hybrids on the structural phase of epoxy
composites was further analyzed by XRD, as shown in Fig. 5(a). The
characteristic peak of Mt at 6.1° appears in E/Mt, indicating the pre-
sence of stacked Mt in matrix. It is noteworthy that this characteristic
peak of Mt is absent in E/M-Mt(0.05:1), E/M-Mt(0.1:1) and E/M-Mt
(0.2:1), suggesting the formation of exfoliated Mt in matrix. The broad
peak at 17.8° is indicative of the amorphous phase of epoxy matrix
[32]. The peak position of epoxy matrix at ∼17.8° is more or less un-
changed in epoxy composites containing MWCNT–Mt hybrids.

The dispersion of MWCNT–Mt hybrids in epoxy composites was
verified by TEM, as displayed in Fig. 5(b). A large number of stacked Mt
are still observed in E/Mt. It is also noted that the exfoliated Mt and
well-dispersed MWCNTs are observed in E/M-Mt(0.1:1). In contrast,
under lower or higher MWCNTs contents in MWCNT–Mt hybrids, some
stacked Mt or MWCNTs agglomerates are observed, respectively. These
results indicate that the introduction of MWCNTs can be helpful for
dispersion and exfoliation of Mt in matrix; meanwhile, the Mt sheets
also facilitate the dispersion of MWCNTs in matrix. However, the high
content of MWCNTs in MWCNT–Mt hybrids is highly susceptible to
incur the re-agglomeration of MWCNTs.

3.3. Tensile properties of composites

The typical stress–strain curves of tensile tests and the results of
tensile properties including tensile strength, Young's modulus and
elongation at break are shown in Fig. 6. It is evident from Fig. 6(a) that
the incorporation of MWCNT–Mt in epoxy can significantly enhance the
tensile properties. With increasing MWCNTs contents, the tensile
properties of MWCNT–Mt-filled epoxy composites increase at first and
then begin to decline as the mass ratio of MWCNT:Mt reaches to 0.1:1
(see Fig. 6(b) and (c)). Compared with the E/Mt without MWCNTs, the
tensile strength and Young's modulus of E/M-Mt(0.1:1) are enhanced by
26.8% and 18.8%, respectively. These results are attributed to the
homogeneous dispersion of MWCNT–Mt in matrix and strong interfacial
adhesion between MWCNT–Mt and matrix. Moreover, the highly dis-
persed MWCNTs not only promote the exfoliation degree of Mt sheets in
matrix but also cause uniform stress distribution. However, the de-
creased tensile properties under high MWCNTs contents are ascribed to
the re-agglomeration of MWCNTs in matrix.

Also, the incorporation of MWCNT–Mt hybrids can lead to a sig-
nificant effect on the toughness of resultant composites. As seen in
Fig. 6(c), the elongation at break of epoxy composites exhibits an up-
trend with increasing MWCNTs contents in hybrids, and a peak value is
observed for E/M-Mt(0.1:1), which is 19.7% higher than E/Mt. With
further increasing MWCNTs contents in hybrids (i.e., E/M-Mt(0.2:1)), a
down-trend is observed. Meanwhile, this result can be further con-
firmed from the tensile toughness of epoxy composites (see Fig. 6(d)),
which can be calculated by integrating the area under the tensile stress-
strain curves [33–35]. From Fig. 6(d), the maximum increment of
tensile toughness (92.0%) is obtained for E/M-Mt(0.1:1), compared
with E/Mt. These results demonstrate that both the interlayer structure
of Mt and the flexibility of MWCNTs are beneficial for toughening
epoxy composites.

The toughening mechanisms can be further demonstrated from SEM
observations, as shown in Fig. 7. The fracture surface of pure EP is

Fig. 1. FTIR spectra of Mt, carboxyl MWCNTs and MWCNT−Mt hybrids with
different mass ratios.
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relatively flat and smooth (Fig. 7(a)), revealing its brittle nature. By
comparison, the fracture surface of epoxy composites becomes rougher
and appears some scale-like structures, evidencing the ductile fracture
of matrix. Moreover, the average size of the scales reduces with the
increase of MWCNTs contents. This is because that the presence of
MWCNTs can change the direction of crack propagation [36]. Mean-
while, well-dispersed MWCNTs on the Mt surface can facilitate the
stress transfer and dissipate more fracture energy. Therefore, the in-
corporation of MWCNT–Mt hybrids can yield a synergistic effect on
toughening epoxy composites.

The interfacial adhesion between MWCNT–Mt and matrix is also

critical to the mechanical properties of epoxy composites. As seen in
Fig. 8(a), some obvious gaps (see black arrows) between matrix and
stacked Mt are observed in E/Mt, indicating severe interfacial de-
bonding. From Fig. 8(b) and (c), the pulled-out MWCNTs and bridged
MWCNTs are observed and no gaps between MWCNT–Mt and matrix
are found on the fracture surface. It can be explained that the MWCNTs
anchored on the surface of Mt sheets can impart a mechanical inter-
locking with matrix. Meanwhile, the introduction of functional groups
(i.e., amino groups and carboxyl groups) on the MWCNTs surface can
increase the wettability and chemical interactions between MWCNT–Mt
and epoxy matrix [28,37,38]. However, some agglomerated MWCNTs

Fig. 2. SEM images and EDX spectrums of (a) Mt, (b) MWCNT–Mt(0.05:1), (c) MWCNT–Mt(0.1:1) and (d) MWCNT–Mt(0.2:1).
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are observed in E/M-Mt(0.2:1) (see Figs. 7(e) and Fig. 8(d)). These
MWCNT agglomerates easily induce the stress concentration and
thereby produce interface defects, leading to the material failure.

3.4. Flexural properties of composites

To some extent, flexural behavior can reveal the stiffness of mate-
rials. The typical stress–strain curves of flexural tests and flexural
strength and modulus of epoxy composites containing MWCNT–Mt with
various mass ratios are displayed in Fig. 9. The positive effect of
MWCNT–Mt incorporation is clearly evident from Fig. 9(a). Similar to
tensile properties, a same trend is observed in flexural properties
(Fig. 9(b)). Compared with the E/Mt with no MWCNTs, the flexural
strength and modulus of E/M-Mt(0.1:1) are raised by 20.4% and 22.3%,
respectively. Such significant enhancement in flexural properties is

closely associated with the uniform dispersion of MWCNTs on the
surface of Mt sheets, high degree of exfoliation of Mt in matrix, and
strong interfacial adhesion between MWCNT–Mt and matrix.

3.5. Dynamic mechanical thermal properties of epoxy composites

The micromechanical properties and thermal stability of polymer
composites can be revealed from DMTA tests. Fig. 10 shows the curves
of storage modulus (E′) and loss factor as a function of temperature. The
key data are also displayed in Table 1, including E′ values at 30 °C in the
glassy region (E′30), the temperature at which the E′ begins to stabilize
in the rubbery region (Tr), peak of loss factor (Tan δmax) and corre-
sponding glass transition temperatures (Tg).

As seen in Fig. 10(a), the role of incorporating MWCNT–Mt in en-
hancing the E′ of epoxy composites in the glassy region is evident.

Fig. 3. (a) XRD patterns and (b) TEM images of Mt and MWCNT−Mt hybrids with different mass ratios.

Fig. 4. (a) TG and (b) DTG curves of Mt and MWCNT−Mt hybrids with different mass ratios.

Fig. 5. (a) XRD patterns and (b) TEM images of epoxy composites containing MWCNT−Mt hybrids with different mass ratios.
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Moreover, with the increase of MWCNTs contents in hybrids, the E′30
value of epoxy composites rises to a peak at the MWCNT:Mt mass ratio
of 0.1:1 and thereafter declines. The maximum improvement in the E′30
value (15.8%) is obtained for E/M-Mt(0.1:1), compared with the E/Mt.
It can be well explained by the synergistic reinforcement of Mt and
MWCNTs, homogeneous dispersion of MWCNT–Mt in matrix and im-
proved interfacial interactions, all of which reduce the mobility of
epoxy chains around the MWCNT–Mt. However, at high MWCNTs
contents, the formation of MWCNTs agglomerates on the surface of Mt
sheets may incur the movement of epoxy chains, leading to the re-
duction in elastic properties.

In addition, the cross-link density (νe; mol/L) is also a useful way to
evaluate the effect of MWCNT–Mt hybrids on the elastic properties.

Based on the rubber elasticity theory, the experimental νe can be de-
termined from the rubbery modulus using the following equation
[39,40]:

= E
RT3e

r

where E′r is the storage modulus obtained at Tg + 40 °C (Pa), R is the
gas constant (8.314 L kPa K−1·mol−1), and T is the absolute tempera-
ture at Tg + 40 °C (K). The calculated results of νe are displayed in
Table 1. By the incorporation of MWCNT–Mt hybrids, the νe values of
epoxy composites increase considerably. It indicates that MWCNT–Mt
hybrids have a pronounced effect on the mechanical properties of re-
sultant composites. The reduction in νe for E/M-Mt(0.2:1) may be

Fig. 6. (a) Stress–strain curves, (b) tensile strength and Young's modulus, (c) elongation at break and (d) tensile toughness of epoxy composites containing
MWCNT−Mt hybrids with different mass ratios.

Fig. 7. SEM images of cross-sectional fracture surfaces of tensile samples: (a) Pure EP, (b) E/Mt, (c) E/M-Mt(0.05:1), (d) E/M-Mt(0.1:1) and (e) E/M-Mt(0.2:1).
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attributed to the presence of MWCNTs agglomerates, which leads to the
decrease of cross-linking sites in matrix.

It is evident from Fig. 10(b) that the reduction of Tan δmax as well as
the positive shift of Tg occurs in epoxy composites. The maximum de-
crease in Tan δmax is observed for E/M-Mt(0.1:1). Compared with the E/
Mt, the Tan δmax of E/M-Mt(0.1:1) is reduced by 29.3%. This behavior
can be due to the reduction of mechanical loss in epoxy composites.
Also, the maximum increment of Tg (about 7.0 °C) is obtained for E/M-
Mt(0.1:1) when compared with the E/Mt. Additionally, the Tr of
MWCNT–Mt-filled epoxy composites is 3.3–10.3 °C higher than that of

E/Mt, signifying the improvement of thermal stability for epoxy com-
posites. The increase in Tg and Tr can be again explained as the re-
duction in the mobility of epoxy chains around the MWCNT–Mt hy-
brids. This phenomenon is attributed to the facts that: (1) the MWCNTs
are uniformly dispersed in the matrix; (2) high aspect ratios and large
specific surface area of MWCNTs provide the mechanical interlocking
with epoxy chains; (3) the covalent bonds between MWCNTs and ma-
trix are created during the curing of resins; (4) an effective barrier effect
is given by exfoliated Mt sheets to increase the thermal stability of
composites.

Fig. 8. SEM images showing the interfacial adhesion between MWCNT−Mt and matrix: (a) E/Mt, (b) E/M-Mt(0.05:1), (c) E/M-Mt(0.1:1) and (d) E/M-Mt(0.2:1).

Fig. 9. (a) Stress–strain curves, (b) flexural strength and modulus of epoxy composites containing MWCNT−Mt hybrids with different mass ratios.

Fig. 10. (a) Storage modulus and (b) loss factor vs. temperature curves of epoxy composites containing MWCNT−Mt hybrids with different mass ratios.
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4. Conclusions

In this study, the self-assembled MWCNT−Mt hybrids with various
mass ratios were designed as reinforcing nanofillers to optimize the
structure and mechanical properties of epoxy composites. Based on this
design, the dispersion level of MWCNTs and exfoliation degree of Mt in
matrix could be also regulated. It was found that the introduction of
TETA salts-grafted MWCNTs was beneficial for the dispersion and ex-
foliation of Mt in matrix; meanwhile, the barrier effect of Mt sheets
could assist in the dispersion of MWCNTs in the composites. However,
either low or high contents of TETA salts-grafted MWCNTs caused the
formation of undesired Mt stacking or MWCNTs agglomerates, respec-
tively. Moreover, the addition of a small amount of MWCNTs reduced
the thermal stability of MWCNT−Mt hybrids. With the increase of
MWCNTs, the synergistic effect on the dispersibility and thermal sta-
bility of MWCNT−Mt hybrids was yielded. Making use of optimal mass
ratio of MWCNT:Mt (0.1:1), the MWCNT−Mt hybrid exhibited the
lowest mass loss rate and highest decomposition temperatures.
Compared with the composite containing pristine Mt, the toughness of
epoxy composites containing MWCNT–Mt(0.1:1) exhibited a significant
enhancement; the tensile strength, Youngs’ modulus and elongation at
break were improved by 26.8%, 18.8% and 19.7%, respectively; the
flexural strength and modulus were enhanced by 20.4% and 22.3%,
respectively; storage modulus in the glassy region was raised by 15.8%.
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