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ABSTRACT: Amino-functionalized multiwalled carbon nanotubes (MWCNT-NH,s) as nanofillers were incorporated into diglycidyl
ether of bisphenol A (DGEBA) toughened with amine-terminated butadiene—acrylonitrile (ATBN). The curing kinetics, glass-
transition temperature (Tg), thermal stability, mechanical properties, and morphology of DGEBA/ATBN/MWCNT-NH, nanocompo-
sites were investigated by differential scanning calorimetry (DSC), thermogravimetric analysis, a universal test machine, and scanning
electron microscopy. DSC dynamic kinetic studies showed that the addition of MWCNT-NH,s accelerated the curing reaction of the
ATBN-toughened epoxy resin. DSC results revealed that the T, of the rubber-toughened epoxy nanocomposites decreased nearly 10°C
with 2 wt % MWCNT-NH,s. The thermogravimetric results show that the addition of MWCNT-NH,s enhanced the thermal stability
of the ATBN-toughened epoxy resin. The tensile strength, flexural strength, and flexural modulus of the DGEBA/ATBN/MWCNT-
NH, nanocomposites increased increasing MWCNT-NH, contents, whereas the addition of the MWCNT-NH,s slightly decreased the

elongation at break of the rubber-toughened epoxy. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40472.
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INTRODUCTION

Because of their good engineering performance, such as their high
stiffness and strength, high-temperature performance, creep resist-
ance, chemical resistance, and adhesive properties, epoxy resins are
intensively used in many fields, including the surface coatings,
structural adhesives, insulating materials, and matrices for fibrous
composites. However, the inherent brittleness in the cured solid
state due to the high crosslinking density becomes one undesirable
property in advanced application use in industry. As such, epoxy
resins tend to have poor resistance to crack initiation and growth,
and this results in poor impact and peel properties. Therefore,
great efforts to improve the toughness of epoxy resins have been
made in recent decades." A couple of methods have been proposed
to increase the toughness of epoxy resins, including reactive liquid
rubber, thermoplastics, interpenetrating polymer networks, ther-
motropic liquid crystal, and nanofillers.>® Rubber toughening is
the most frequently used and widely accepted among these meth-
ods. Reactive rubber-toughened epoxy generally has two distinct
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phases. The larger phase is the base resin, and the minor phase
consists of small (on the order of 1 um in diameter) distributed
elastomeric entities. The addition of the second phase significantly
improves the fracture toughness by providing crack pinning and
stress distribution mechanisms within the material.”™'® Inevitably,
however, the addition of liquid reactive rubber will sacrifice the
mechanical properties of the epoxy resin.

Carbon nanotubes (CNTs) and carbon nanofibers are consid-
ered as reinforcements for the polymer matrix because of their
remarkable physical, chemical, and electrical properties with
small dimensions and high aspects.'’™* To transfer these out-
standing properties to modified epoxies, the functionalization of
pristine CNTs is essential for getting strong interfacial bonding
and proper dispersion.”>™"® Amino functionalization has been
developed in recent years to improve the dispersion and interfa-
cial adhesion of CNTs with epoxy resins.”*™>’

The main aim of this study was to further improve the proper-
ties of reactive rubber-toughened epoxies through the
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Figure 1. Chemical structures of DGEBA, Jeffamine T-403, and ATBN.

introduction of amino-functionalized CNTs. In this study, a
reactive butadiene—acrylonitrile rubber, amine-terminated buta-
diene-acrylonitrile (ATBN), was chosen as a toughener for
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Figure 2. (a) DSC curves and (b) relationship between the conversion (o)
and the temperature for the DGEBA/ATBN/MWCNT-NH, nanocompo-

sites at a f# of 20°C/min. [Color figure can be viewed in the online issue,
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Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

40472 (2 of 7)

Applied Polymer

Table I. T, T,, and AH Values for the DGEBA/ATBN/MWCNT-NH,
Nanocomposites

MWCNT-NH2

(wt %) $ (°C/min) T (°C) T, (°C) AH (J/g)

0 5 47.7 112.5 2125
10 47.6 128.3 239.5
15 48.3 137.0 1754
20 531 1441 248.4

0.5 5 42.6 111.7 229.9
10 45.9 128.8 258.0
15 46.0 138.0 270.7
20 46.6 142.3 266.7

1 5 42.4 111.6 280.2
10 45.6 126.6 286.1
15 45.4 137.4 278.4
20 50.0 143.0 2971

2 5 41.5 1101 283.2
10 45.8 1256 291.3
15 49.0 135.7 297.2
20 48.6 144.0 312.4

epoxy resin. Amino-functionalized multiwalled carbon nano-
tubes (MWCNT-NH,s) were incorporated into the toughened
epoxy as nanofillers. The curing behaviors, glass-transition tem-
peratures (7Ts), thermal stability, and mechanical properties of
the nanocomposites were characterized.

EXPERIMENTAL

Materials

The epoxy resin used in this study was diglycidyl ether of bisphe-
nol A (DGEBA; E51, epoxide equivalent weight =196 g/equiv,
Wuxi Resin Factory, Wuxi, China). The curing agent was Jeffamine
T403 (equivalent weight =281 g/equiv, Huntsman Corp., The
Woodlands, TX). The elastomeric toughener used was a liquid
ATBN rubber (Hypro 1300 X 16 ATBN, acrylonitrile content = 16
wt %, amine equivalent weight = 874, BF Goodrich Hycar Chemi-
cal Group, Akron, OH). The chemical structures of DGEGBA, Jeff-
amine, and ATBN are shown in Figure 1. Other solvents were all
purchased from Nanjing Chemical Reagent Co., Ltd. (Nanjing,
China). MWCNT-NH,s with diameters of 8-15 nm, lengths of
about 50 pm, and 0.45 wt % amine groups were supplied by
Chengdu Organic Chemistry Co., Ltd. (Chengdu, China).

Sample Preparation

DGEBA and MWCNT-NH,s were mixed in a 100-mL beaker
and sonicated for 2 h at 60°C. Then, 15 phr (parts per hundred
resin) ATBN was added, and the mixture was reacted for 20
min with mechanical stirring at 60°C. The mixtures were placed
in an oil bath at 75°C. Then, a stoichiometric amount of Jeff-
amine T403 was added with continuous mechanical stirring
until a homogeneous mixture was observed. Several differential
scanning calorimetry (DSC) aluminum pans were filled with the
reaction mixture. The mixtures (~10 mg) were then cooled and
stored in a freezer until they were required for the DSC
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(a) Table II. E, Values for the DGEBA/ATBN/MWCNT-NH, Nanocomposites
9.0+
MWCNT-NH. E, (kd/mol)
5 (wt %) Kissinger FWO
— ' 0 522 56.0
e 05 51.9 55.6
T -100} onTo 1 51.1 54.9
O A-CNTO0.5 2 48.0 51.9
A-CNT1
%7 A-CNT2
-10.5+ —— Regression .
ASTM D 638. The results were averaged over at least six
0.0024 0.0025 0.0026 specimens
1T p(K' ) Scanning Electron Microscopy (SEM). SEM images of the frac-
ture surfaces were observed on a Hitachi S-4800 field emission
141 scanning electron microscope. The cured samples were fractured
“7(b) . under liquid nitrogen, and then, the fractured surfaces were
I vacuum-coated with a thin gold layer.
1.2
RESULTS AND DISCUSSION
= Curing Kinetics
o 104 DSC is generally used to monitor the curing behaviors of epoxy
O A-CNTO resins.”®° In this study, dynamic kinetic studies based on the
08 O A<CNTOS5 Kissinger and Flynn-Wall-Ozawa (FWO) models®' ™ were used
: ﬁg:jr; to investigate the DGEBA/ATBN/MWCNT-NH, nanocompo-
i Regression sites. Both models do not require prior knowledge of the reac-
0.6 tion mechanism.
T T T According to the Kissinger model,?" the activation energy of the
0.0024 ?#0(2'(5_1) 0.0026 reaction (E,) can be obtained from the following equation:
P

Figure 3. Relationships between (a) In(f/ sz) and 1/T, and (b) In f and
1/T, for the DGEBA/ATBN/MWCNT-NH, nanocomposites. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

measurements. Other mixtures were immediately poured into
polytetrafluoroethylene molds and cured for 2 h at 80°C and 3
h at 125°C. DGEBA/ATBN/MWCNT-NH, nanocomposites with
0, 0.5, 1, and 2 wt % MWCNT-NH,s were designated as sam-
ples A-CNTO, A-CNTO0.5, A-CNT1, and A-CNT2, respectively.

Characterization

DSC. Studies of the dynamic curing kinetics of the epoxy
asphalts were performed on a PerkinElmer Pyris 1 DSC instru-
ment (Boston, MA) under an argon flow of 20 mL/min. The
samples for kinetic analysis were heated from 50 to 250°C at
heating rates (fis) of 5, 10, 15, and 20°C/min, respectively. The
Tes of the cured samples were measured by the Pyris 1 DSC
instrument at a § of 20°C/min.

Thermogravimetric Analysis. Thermogravimetric analysis was
performed on a Pyris 1 thermogravimetric analyzer (Perki-
nElmer) with a f of 20°C/min over a temperature range of 25—
700°C under a nitrogen flow of 40 mL/min.

Tensile Testing. All of the mechanical tests were performed on
an Instron 4466 universal material tester (Norwood, MA) at
room temperature at a strain rate of 500 mm/min according to
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din (B/T3)] _ B, o
d(1/Tp) R
where T, is the peak exothermal temperature, f§ is the constant
heating rate, and R is the universal gas constant. One can obtain
the value of E, by plotting In T}’ versus 1/T}.
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Figure 4. DSC curves for the cured epoxy/ATBN/MWCNT-NH, nano-
composites. [Color figure can be viewed in the online issue, which is

100

available at wileyonlinelibrary.com.]
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Figure 5. (a) TG and (b) DTG curves for the DGEBA/ATBN/MWCNT-
NH, nanocomposites. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

The FWO model’** yields a simple relationship between E,, f3,
and T, and gives E, as follows:

Ex 2)

1 =A—0.457
ogf RT,

Figure 2 shows DSC thermograms from dynamic heating
experiments and conversion versus temperature curves for the
DGEBA/ATBN/MWCNT-NH, nanocomposites conducted at a f§
of 20°C/min, where the conversion is defined as ratio of the heat
generated up to time f to the total heat of the reaction. Obvi-
ously, the ATBN-toughened epoxy with MWCNT-NH,s reacted

Table III. TG and DTG Results for the DGEBA/ATBN/MWCNT-NH,
Nanocomposites

MWCNT-NH, (wt %) IDT (°C) Trmax (°C)
0 350 395
0.5 357 395
1 358 395
2 361 398
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Figure 6. (a) Tensile strength and elongation at break and (b) tensile
modulus for the ATBN-toughened epoxy and DGEBA/ATBN/MWCNT-
NH, nanocomposites. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

faster than the neat ATBN-toughened epoxy (A-CNTO). Fur-
thermore, the reaction rates of the MWCNT-NH, nanocompo-
sites increased with increasing MWCNT-NH, content. For the
epoxy resin, there are two chemical reactions that form the net-
work: the first between the primary amine and the epoxide
group and the second between the secondary amine (formed
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Figure 7. Flexural strength and flexural modulus for the ATBN-toughened
epoxy and DGEBA/ATBN/MWCNT-NH, nanocomposites. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. SEM images of the cryofractured surfaces for (a) A-CNTO, (b) A-CNTO.5, (c¢) A-CNT1, and (d) A-CNT2.

after the removal of one proton by the first reaction) and
another epoxide group. It is intuitively expected that the steric
hindrance for the second reaction would be much greater than
that of the first. Therefore, the stoichiometric amine-epoxy, in
which all of secondary amines react with the epoxide, takes lon-
ger to complete cure than the amine-excess system.’® With the
addition of amino-functionalized CNTs, the amine was nonstoi-
chiometric. As a result, the curing reaction of the MWNCNT-
NH, nanocomposites was faster than that of A-CNTO.

The initial reaction temperature (T;), T, and heat of curing
(AH) of the DGEBA/ATBN/MWCNT-NH, nanocomposites at
different fs are list in Table I. Both T; and T, decreased with
increasing MWCNT-NH, content; this indicated that the
MWCNT-NH,s acted as a catalyst and facilitated the curing
reaction, and the catalytic effect increased with the MWCNT-
NH, content. Furthermore, AH of the DGEBA/ATBN/MWCNT-
NH, nanocomposites increased with increasing MWCNT-NH,.
This revealed that the amine groups in the MWCNT-NH, took
part in the curing reaction of the nanocomposites and led to
the augmentation of the heat of the curing reaction.

With the Kissinger and FWO methods, the E, values could be
obtained from the slopes of the lines, as presented in Figure 3.
Linear relationships were obtained, and this confirmed the
validity of the models for the systems under study.
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Table II lists the results obtained from the dynamic kinetic anal-
ysis. The E, values obtained from the two models were in good
agreement. In addition, the E, value calculated from the Kis-
singer model was slightly lower than that of the FWO model;
this was consistent with our previous work.”” It was obvious
that the E, values of the nanocomposites decreased slightly with
increasing MWCNT-NH, contents. A decrease in E, suggested
that less energy of the reacting components was required and
indicated an accelerating effect. This suggested that the addition
of MWCNT-NH,s into the reactive rubber-toughened epoxy
facilitated the curing reaction; this was consistent with the
results of other workers.*>*°

T
TE provides an indirect indication of the interfacial adhesion
between the nanofillers and the epoxy resin. Reports have
revealed that the restricted segmental motion can elevate the T,
of polymer films bonded to solid substrates and filler phases in
the composites. The DSC curves of the reactive rubber-
toughened epoxy and its MWCNT-NH, nanocomposites are
shown in Figure 4. The lower loading of the MWCNT-NH,s
had little effect on the T, of the neat rubber-toughened epoxy.
However, the T, of the 2 wt % MWCNT-NH, nanocomposite
was about 10°C lower than that of the neat rubber-toughened
epoxy. With the increase in the amino-functionalized CNTSs, the
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Figure 9. High-magnification SEM images of cryofractured surfaces for (a) A-CNTO, (b) A-CNTO0.5, (¢) A-CNT1, and (d) A-CNT2.

content of amino groups on the surface of the nanotubes
increased. This led to a nonstoichiometric balance between the
epoxide group and amino groups. Vallo et al.”” reported that
the T, of an epoxy-amine system depended on the ratio
between the epoxy and the amine. They found that amine-
excess systems had lower Ts than both the stoichiometric sys-
tem and the epoxy-excess systems. Consequently, the T, of the
nanocomposite decreased with increasing MWCNT-NH, con-
tents, and this agreed with the results of a previous report.*®

Thermal Stability

Thermogravimetry (TG) was used to characterize the amino-
functionalized nanotubes on the thermal stability of the
DGEBA/ATBN blends. TG and differential thermogravimetry
(DTG) curves for the DGEBA/ATBN nanocomposites with dif-
ferent contents of MWNT-NH, are shown in Figure 5. The ini-
tial decomposition temperature (IDT), which was set as the
temperature at the 5% weight loss, and the maximum degrada-
tion temperatures (T;,,,) are summarized in Table III. The IDTs
of the DGEBA/ATBN/MWCNT-NH, nanocomposites increased
slightly with increasing MWNT-NH, content. As shown in Fig-
ure 5(b), every DTG curve showed a single peak at about 395°C
that corresponded to the T, for the nanocomposites. The TG
results indicate that the addition of MWNT-NH, slightly
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increased the thermal stability of the ATBN-toughened DGEBA
systems.

Mechanical Properties

To evaluate the effects of the MWNT-NH,s on the mechanical
properties of the rubber-toughened epoxy, tensile tests and flex-
ural tests were performed, as shown in Figures 6 and 7, respec-
tively. It is well known that the addition of rubber inevitably
decreases the tensile strength and modulus and flexural strength
and modulus of epoxy resin.>® However, with the addition of
the MWNT-NH,s, the tensile strength and modulus and flexural
strength and modulus of the DGEBA/ATBN/MWCNT-NH,
nanocomposites increased with the nanotube contents, as shown
in Figures 6 and 7. Furthermore, the addition of MWNT-NH,
slightly decreases the elongation at break of the ATBN-
toughened epoxy. The mechanical properties of the nanocom-
posites depended on the dispersion of CNTs in the polymer
matrix and the interaction between the CNTs and the poly-
mers.”>* In other words, more homogeneous dispersion and a
better interface between the nanotubes and the epoxy matrix
resulted in better mechanical properties. The mechanical prop-
erties of the nanocomposites were not statistically significant;
this was attributed to the poor dispersion of the MWCNT-
NH,s in the rubber-toughened epoxy. The dispersion of the
amino-functionalized nanotubes are discussed next.
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Morphology

SEM microphotographs for the ATBN-toughened epoxy and the
various amino-functionalized CNT nanocomposies are displayed
in Figures 8 and 9. Phase seperation was obvious in both the
rubber-toughened epoxy and its nanotube nanocomposites.
However, agglomerates of CNTs for poor dispersion were found
in the nanocomposites. Therefore, the interaction between the
amino-funcationalized CNTs and rubber-toughened epoxy resin
accounted for the improvement in the mechanical properties of
the nanocomposites.

CONCLUSIONS

Amino-functionalized CNTs were incorporated into liquid reac-
tive rubber-toughened epoxy resins as a nanofiller. Dynamic
kinetic analysis showed that the E, of the rubber-toughened
epoxy nanocomposites decreased slightly with increasing MWNT-
NH,. This indicated that the amino-functionalized nanotubes
accelerated the curing reactions of the rubber-toughened epoxy
resin. The addition of the MWNT-NH,s improved the T, of the
rubber-toughened epoxy, whereas the improvement was not lin-
ear with the concentration of MWNT-NH,. The maximum T,
was obtained at the MWNT-NH, concentration of 0.5 wt %. The
addition of the MWNT-NH,s enhanced the tensile and flexural
properties of the ATBN-toughened epoxy. Furthermore, the ten-
sile and flexural properties of the nanocomposites increased with
the nanotube contents. MWNT-NH, agglomerations in the vis-
cous ATBN/epoxy system were observed.
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