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Abstract

In this study, the effects of functionalization degree and precuring process were studied on the fatigue life of amine-

functionalized multi-walled carbon nanotube-reinforced epoxy composites. The multi-walled carbon nanotubes were

highly functionalized by ethylenediamine through a microwave-assisted method. The grafted amine moieties on the multi-

walled carbon nanotubes could react with the epoxy chains of the matrix and consequently form covalent bonds

between the multi-walled carbon nanotubes and the epoxy matrix. It has been found that higher functionalization

degrees can lead to considerable enhancement on fatigue life of reinforced composites by increasing the dispersibility

of multi-walled carbon nanotubes in the epoxy matrix and also improving the interfacial interactions between the

reinforcing phase and the matrix. In the next step, the precuring process was performed by three apparatuses: oven,

stirrer and microwave. While the precuring process with all three apparatuses resulted in higher mechanical properties

of reinforced composites, the microwave-assisted precuring was more successful than the other two apparatuses. The

reinforced composites prepared by microwave-assisted precuring experienced more than 19% improvement in the

tensile strength in comparison to the non-precured composite; such improvements in the mechanical properties of

reinforced composites were attributed to higher reactivity of amine moieties with the epoxy chains due to sufficient

activation energy provided by microwave radiations. Observations with scanning electron microscopy indicated that

highly functionalized multi-walled carbon nanotubes were uniformly distributed in the epoxy matrix; this can lead to

uniform distribution of applied stress in the composites and consequently improve mechanical properties of the rein-

forced composites.
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Introduction

Reinforced polymeric composites, with respect to their
low density, high resistance, thermal stability and high-
wear resistance,1 are popular materials in the aerospace
and automotive industries.2 Epoxies are one of the
most desirable polymers, which are widely used in
numerous applications due to distinctive properties
including appropriate mechanical, chemical and ther-
mal resistance, low-water absorption and low shrinkage
during the curing process.3

Addition of robust nanomaterials especially carbon
structures such as carbon nanotubes (CNTs) can
enhance the mechanical properties of epoxy compos-
ites.4,5 In other words, due to high-mechanical
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properties of these nanoparticles, the tolerance thresh-
old of the epoxy composite increases, and it resists
against initiation of fracture inside the composite.
Among these strong nanomaterials, CNTs can be con-
sidered as an excellent choice to reinforce epoxy com-
posites due to their exceptionally high-tensile strength
and elastic modulus (approximately 150GPa and 1
TPa, respectively).6,7

Polymeric nanocomposites reinforced with CNTs
generally have high strength, low weight, high-thermal
stability, high-electrical conductivity and chemical
resistance.8 In addition, these composites have much
longer shelf life due to their high-mechanical proper-
ties.9 Thus, they reduce the environmental problems
related to residual wastes. However, fatigue phenom-
enon is the weakness of CNT-reinforced epoxy com-
posites in comparison with the other strong materials
such as metals.10 Fatigue is the progressive and loca-
lized structural damage that occurs when a material is
subjected to a long time cyclic loading.11 It is the major
cause of failure in the materials, which have large sur-
face subjected to stress.

Fatigue initiates microcracks in the structure of
materials and causes preterm fractures. The path of
cracks in epoxy composites reinforced with CNTs is
very complex. They may include one or more fatigue
damage mechanisms such as matrix fracture, failure
in interface or nanotube breakage.12 Many experi-
ments indicated that failure in interface is the pre-
dominant type of fatigue failure in CNT-reinforced
composites.13 The weak interfacial interactions
between nanotubes and polymeric matrix are con-
sidered as the main reason of this failure.14 The
lack of adequate compatibility between the nanotubes
and polymeric matrix leads to agglomerations of
nanotubes and prevents uniform distribution of nano-
tubes inside the matrix. Non-uniform distribution of
nanotubes causes non-uniform distribution of applied
stress in the polymer matrix and consequently signifi-
cant decrease in the mechanical properties of the rein-
forced composite.

Functionalization of CNTs is studied in the litera-
ture as an effective strategy to enhance the interfacial
interactions between the CNTs and the epoxy
matrix.15,16 In such processes, various functional
groups such as hydroxyl, carboxyl and amine are
located on the nanotubes surface.17 These groups
increase dispersion of the CNTs in the epoxy matrix
by enhancing the compatibility of CNTs with the poly-
meric matrix.18,19 Among these functions, diamine
groups are considered as the best choice due to their
ability in formation of covalent bonds between the
epoxy polymer and the CNTs. In diamine-
functionalized CNTs, one of the amine functions is
attached to the nanotube surface, and the other

amine function remains free; these free amine moieties
on the CNTs can react with epoxy chains and open the
epoxide rings. These covalent bonding can noticeably
enhance the strength of the nanocomposite by increas-
ing the cross linking between the epoxy and the
reinforcement phase.16

Recently, many researchers have endeavored to
study different functionalization techniques and vari-
ous amino groups to enhance the mechanical proper-
ties of the epoxy composites. Shen et al.20 used four
different amine functions to improve the tensile
strength of epoxy composite. Also, Zehua et al.21

functionalized CNTs with three types of amine func-
tions (ethylenediamine (EDA), DDA and TETA) and
used them to fabricate reinforced epoxy composite.21

They achieved significant improvement in mechanical
properties of composites. Moreover, they found that
the interfacial linkage is more effective than the qual-
ity of dispersion in improving the mechanical proper-
ties.21 However, to the best of our knowledge, the
effect of functionalization degree and pre-curing pro-
cess has not been studied on these interfacial inter-
action and consequently mechanical properties of
amine-functionalized CNT-reinforced epoxy
composites.

In this work, it has been endeavored to improve
the fatigue life of CNT-reinforced epoxy nanocom-
posites based on two main scenarios. First, the effect
of functionalization degree was studied on the fati-
gue life of nanocomposites. At the next step, the
effect of precuring process of the epoxy polymer
and functionalized CNTs was investigated on the
interfacial interaction between the nanotubes and
the matrix.

Experimental

Materials

Pristine multi-walled CNTs (MWCNTs) synthesized by
chemical vapor deposition process (diameter 8–15 nm,
length of 50 mm and purity >95%) were purchased
from Shenzhen Nano-Tech Port Co. Both epoxy
EPL-219 (bisphenol A epoxy) and associated curing
agent EPH-5161 were purchased from Ghaffari
Industrial Company, Iran. All the other reagents and
solvents were obtained from Merck Inc.

Functionalization procedure of MWCNT

The pristine MWCNTs (0.2 g) were suspended in
100ml of sulfuric acid/hydrochloric acid solution
(3 : 1 v/v) and refluxed for 24 h to ensure sufficient puri-
fication and removal of extraneous catalytic metals.
Then the purified nanotubes were washed with
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deionized water until the pH value was approached 7.
After drying, the purified-MWCNTs (200mg) and
NaNO2 (200mg) were mixed in 20ml EDA and soni-
cated for 30min at 50�C. Then the suspension was
placed in a microwave oven equipped with a PID con-
troller (model: TNZ4SSeries) and heated up to 90�C for
15min. This modified device can set the output power
and control the microwave radiations by switching the
power on and off to keep the suspension in a constant
temperature. Since there is a direct relation between
microwave output power and the functionalization
degree of MWCNTs,22 three samples were prepared
with 500W (A500), 700W (A700) and 900W (A900)
output powers. Then, all three suspensions were fil-
tered, washed with deionized and then dried for 5 h
at 60�C.

Fabrication of reinforced composites

Fifteen milligrams functionalized MWCNTs was
mixed with 10 g epoxy, and the mixture was soni-
cated at 50�C for 4 h to get a homogeneous mixture.
Afterwards, the curing agent was added, and the
mixture was stirred for 10min. Then the mixture
was poured into a silicon mould and cured in an
oven for 4 h under the controlled condition of
1 atm and 50�C. For precured samples, there was
another step before the addition of curing agent to
the mixture of MWCNTs and the epoxy. The mix-
ture was placed in the precuring apparatus for 2 h at
70�C. According to the precuring apparatus, the
samples were named ‘A900-HotPlate’, ‘A900-Oven’
and ‘A900-Microwave’.

Characterizations

Fourier transform infrared spectroscopy (FTIR) and
thermo gravimetric analysis (TGA) were used to
study the type and the amount of functional groups
attached to the MWCNTs. TGA data of purified and
amine-functionalized MWCNTs were collected under
nitrogen atmosphere on a TGA-50 Shimadzu instru-
ment, with a heating rate of 10�C/min. The FTIR spec-
tra were recorded by FTIR-Avatar 370 Nicolet
spectrometer from 400 cm�1 to 4000 cm�1, and the sam-
ples were placed on KBr pellets.

The tensile tests were performed using a Zwick
Z250 test machine at a crosshead speed of 1mm/min
at ambient temperature. Dog-bone specimens were
employed in accordance with the UNE-EN ISO 527-
1 standard. The surfaces of the samples were grinded
gently to reduce the influence of roughness on the
mechanical properties. At least five specimens were
tested for each type of composite to ensure
reproducibility.

All the fatigue tests were performed at room tem-
perature using an Instron (Fast Track 8870) material
testing system. The fatigue tests were load-controlled,
and the stress ratio, defined as the ratio of the minimum
stress to the maximum stress, was set to be 0.1. The
loading frequency was 10 Hz, and the waveform of
cyclic loading was sinusoidal. The maximum applied
stresses as the loading levels in the fatigue tests were
selected 40%, 60% and 80% of ultimate tensile
strengths to ensure that the fatigue lives of the studied
specimens were in the range of 1000–100,000 cycles.
Rectangular-shaped specimens (ASTM D3039) were
prepared, and their edges were sanded to reduce the
possibility of edge-related failures. Aluminum tabs
were bonded to the ends of the specimens using a
two-component epoxy adhesive to facilitate gripping.
At least five specimens were tested for each type of
composite to ensure reproducibility of the samples.

Fracture surfaces of the composite samples were
observed using scanning electron microscope (SEM,
Oxford Instruments LEO 1450VP) with an operating
voltage of 30 kV. The fracture surfaces were coated
with a thin gold layer before operating.

Results and discussion

Functionalization of MWCNTs

The FTIR and TGA tests were carried out to study the
type and the amount of functional groups attached to
MWCNTs. The FTIR spectra of purified MWCNTs,
A500, A700 and A900 are depicted in Figure 1 with
corresponding spectral analysis.

Unlike the pristine sample, all three functionalized
samples show the characteristics of N–H stretching
signals at 3300–3500 cm�1 and N–H bending signals
at the ranges of 1640–1560 cm�1, suggesting the exist-
ence of amine functions in all functionalized samples.
In addition, the peak in 2850–3000 cm�1 and the
others around 1230 cm�1 and 1470 cm�1 correspond
to C–N and C–C stretching, respectively. All these
peaks could justify the functionalization of
MWCNTs with EDA.

Figure 2 represents the TGA results of purified
MWCNTs, A500, A700 and A900 samples. Pristine
MWCNTs show just one mass loss in the range of
500–700�C, corresponding to the oxidation and/or deg-
radation of graphene layers of MWCNTs. However, in
all three functionalized samples, there is another mass
loss in the temperature range of 100–350�C. This mass
loss can be attributed to the degradation of amino
groups on the surface of the nanotubes. This decom-
position behavior of amino groups is similar to the
reported results of EDA-functionalized MWCNT by
Chidawanyika and Nyokong.23
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The following formula is used to calculate the func-
tionalization degree of MWCNTs from the TGA
results

Degree of functionalization ðmm=gÞ

¼

Weight loss of attached function ð gÞ

�
1000mmol

Molecular weight of attached function

8><
>:

9>=
>;

MWCNTs weight loss ð gÞ

ð1Þ

The functionalization degree of all three samples is
summarized in Table 1. According to the results, there
is a direct relation between microwave output power
and the amount of amine functions attached to the
MWCNTs, as reported elsewhere.22

Mechanical properties of fabricated composites

Tensile testing was performed to study the effect of
functionalization degree and precuring process on the
overall strength of MWCNT-reinforced epoxy compos-
ites (Figure 3).

The tensile strength of epoxy composite has experi-
enced a minor enhancement (14%) compared to the
neat epoxy by incorporation of 0.2wt% pristine
MWCNTs. Interestingly, all composites reinforced
with functionalized MWCNTs represent considerable
improvements in their tensile strength. As it can be
seen, the higher functionalization degree of MWCNTs
has led to higher ultimate tensile strength of the

Figure 1. The FTIR spectra of pristine MWCNTs, A500, A700 and A900.

Figure 2. TGA curves of pristine MWCNTs, A500, A700 and

A900 samples.
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reinforced composites. By increasing the number of
amine functions on the surface of the nanotubes, dis-
tribution of nanotubes into the epoxy matrix improved,
and the probability of the formation of MWCNT
agglomeration and preterm failure in composite struc-
ture were reduced. The interface of nanotubes and resin
is known to be the most vulnerable region in the com-
posite structure.24 Therefore, the more the functions
are, the more bridges between nanotubes and epoxy

can be made; these bridges can significantly enhance
the interfacial interactions between the reinforcement
phase and the epoxy matrix. In other words, by increas-
ing the number of grafted amine functions on the
MWCNTS, the threshold of stress transfer from the
epoxy matrix to the MWCNTs can be improved.

In addition, all three precuring methods resulted in
considerable improvements in the tensile strength of the
composites. Evidently, the microwave-precuring pro-
cess was more successful than the other two in enhance-
ment of the mechanical properties of reinforced
composites. In such precuring process, the number of
covalent bonds between the nanotubes and the epoxy
matrix can be enhanced, and subsequently the mechan-
ical properties of the composites can be improved. The
employed EDA function has a linear molecule structure
with two free amines at the ends. During the functio-
nalization step, these functions attached to the surface
of nanotubes by one end. Theoretically, the other free
amine can react with the epoxide ring of the matrix,
open this ring and form covalent bond according to
the following reaction (Figure 4).

The higher mechanical properties of A-900-HotPlate
compared to A-900-Oven can be attributed to the fact
that the mixing process of hotplate apparatus provided
uniform temperature distribution inside the mixture;
such suitable uniform condition can lead to higher
rate in the reaction of amine moieties and the epoxide
rings. Finally, it seems that microwave apparatus,
which transfer heat by radiations, was more successful
than the other two devices, which operate by convec-
tion heat transfer phenomenon. It is worth to note that
the microwave radiations can pass through the epoxy
matrix without any discernable absorption. These radi-
ations can be absorbed only by the MWCNTs, where
the energy is exactly needed for the reaction of the
amine moieties and the epoxide rings of the matrix.
This selective heating method may lead to higher

Figure 4. The reaction between the amine function of MWCNTs and the epoxide ring of the epoxy matrix.

Figure 3. Stress–strain curve of MWCNT-reinforced epoxy

composites.

Table 1. Functionalization degree of amine-functionalized

MWCNTs.

Amount of amine functions on the MWCNTs (mmol/g)

Pristine MWCNT 0

A-500 W 1.1

A-700 W 3.6

A-900 W 6.4
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linkages between the MWCNTs and the matrix and
consequently improve the mechanical properties of
reinforced composites.

Tension–tension cycling

One of the most important drawbacks of polymeric
composites is their relatively low-fatigue life. To study
the effect of functionalization degree of MWCNTs and
the precuring process on the fatigue life of MWCNT-
reinforced epoxy composites, tension–tension cycling
test was performed. The results of the fatigue test are
depicted in Figures 5 and 6 to investigate the effect of
functionalization degree and precuring process,

respectively. These data are plotted as the normalized
stress (�max/�ult) versus the number of cycles to failure
(Nf). Also, linear trends were appropriately fitted to
each of them. Slope of these trend lines can indicate
the durability of samples in lower stress levels that
called high-cycle regimes.

As it can be seen in Figure 5, incorporation of pris-
tine MWCNTs to the neat epoxy did not lead to any
discernable improvement in the fatigue life of epoxy
composite. On the other hand, the fatigue life of com-
posites reinforced with functionalized MWCNTs
experienced considerable improvement. Evidently, in
all range of forces, the number of cycles for sample
‘A-900’ is higher than the sample ‘A-700’, and for

Figure 6. Normalized fatigue life of reinforced composites precured by different apparatuses.

Figure 5. Normalized fatigue life of composites: neat epoxy, pristine MWCNT, A-500 MWCNT, A-700 MWCNT and A-900

MWCNT.
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sample ‘A-700’, it is higher than the sample ‘A-500’.
From Figure 5, it was found that rising trend in
number of cycles caused by reducing the applied
force was almost linear. Hence, for different values
of applied forces, the fatigue life of the composite
samples could be predictable. Since the major fatigue
failure mechanism in composites is pull-out of nano-
tubes from epoxy matrix, strengthening the interface
between the nanotubes and the epoxy matrix may
noticeably reduce the possibility of these failures.
The results of fatigue life indicate that functionaliza-
tion degree can be considered as an effective
parameter on interfacial interactions between the
amine-functionalized MWCNTs and the epoxy
matrix. Therefore, highly functionalized MWCNTs
can provide longer fatigue life of reinforced polymeric
composites.

As it can be seen in Figure 6, all the three precuring
processes have successfully led to improvements in fati-
gue life of reinforced composites. In addition, the com-
posite procured by microwave process experienced
longer fatigue life in all regimes. These improvements
can be ascribed by the formation of higher bridges
between the nanotubes and the epoxy matrix. Thus,
more bondings caused more resistant to failure and
the mechanical properties of the composites improved
in this way.

Fractography of reinforced composites

SEM images of the fracture surface of the neat
epoxy, pristine MWCNT, A-900 MWCNT and
A-900-Microwave MWCNT-reinforced composites
are shown in Figure 7, respectively. Neat epoxy
(Figure 7(a)) exhibits a relatively smooth fracture sur-
face compared to all three MWCNT-reinforced com-
posites. In the neat epoxy, fracture phenomenon has
occurred in ductile mode; on the other hand, the frac-
tured surface of all three MWCNT-reinforced epoxy
composites is coarser with sharp grooves suggesting a
brittle fracture. This greater roughness may reflect the
reinforcement effect of MWCNTs inside the epoxy
matrix. Such grooves in the fracture surface of
MWCNT-reinforced epoxy composite may stem from
continuous redirections of the micro-cracks propaga-
tion during the fracture due to the presence of
MWCNTs. These micro-cracks confront to nanotubes
in their path and, consequently, their growth path
redirect. This could be the reason of the delay in frac-
ture of MWCNT-reinforced epoxy composite that was
discussed in the previous sections.

As it can be seen in Figure 7, the fracture surface of
A-900 MWCNT-reinforced composite seems to have a
rougher surface compared to pristine MWCNT-
reinforced composite. Similarly, the fracture surface

Figure 7. SEM images of the fracture surface of reinforced epoxy composite: (a) neat epoxy, (b) pristine MWCNT, (c) A-900

MWCNT and (d) A-900-Microwave MWCNT.
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of A-900-Microwave MWCNT-reinforced composite
represents even rougher surface than A-900
MWCNT-reinforced composite. These fracture states
can be attributed to the interfacial interactions between
the MWCNTs and the epoxy matrix. A-900-Microwave
MWCNT, which can form strong covalent bonds with
the epoxy matrix, can efficiently delay the micro-crack
propagation through efficient stress transfer from the
matrix to the MWCNTs; consequently, such rough
fracture surface was formed due to incessant redirection
of micro-crack path inside the matrix.

Conclusion

In this study, MWCNTs were functionalized by EDA
with different functionalization degrees through micro-
wave-assisted method. The effect of functionalization
degree of MWCNTs was investigated on the mechan-
ical properties of MWCNT-reinforced epoxy compos-
ites. It was found that functionalization degree plays a
pivotal role in efficient reinforcement of epoxy compos-
ite. Considerable improvements have been achieved in
mechanical properties of epoxy composite by reinfor-
cing them with highly functionalized MWCNTs. In the
next step, the effect of precuring process was investi-
gated on mechanical properties of MWCNT-reinforced
epoxy composites. Three different apparatuses were
used for precuring process; amongst them, microwave
radiations were found to be the most effective method
of precuring for these composites. Based on obtained
results, one can conclude that the functionalization
degree of MWCNTs and the precuring process can be
considered as two important parameters in ultimate
mechanical properties of reinforced epoxy composites.
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