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Abstract The present work reports the synthesis of nanocomposites (NCs) pre-
pared by amine functionalization of nanographite platlets (NGPs) coupled with
diglycidyl ether of bisphenol A (DGEBA) epoxy resin. NGPs were treated with 3:1
mixture of concentrated H2SO4/HNO3, and then grafted with triethylene-tetramine
(TETA) that contributes uniform dispersion of NGPs within the epoxy matrix. In
particular, the amine functionalization of NGPs with triethylene-tetramine (TETA)
purposed to attain better dispersion and strong interfacial interaction between the
filler and the matrix. The TETA functionalized NGPs/epoxy nanocomposites
(DGEBA/TETA-NGPs) were produced by molding curing method. The synthe-
sized nanocomposites were characterized by FTIR and SEM techniques. The
electrical and thermal properties of the nanocomposites at various TETA-NGP
loadings were investigated and found to attain an increase in the conductivity and
thermal stability compared with that of neat epoxy resin.

1 Introduction

Carbon fillers have gained high importance for their exceptional electrical,
mechanical and thermal properties. Polymer nanocomposites reinforced with car-
bon fillers have been investigated for numerous potential applications [1]. In par-
ticular, the epoxy composites are extensively used for aerospace application,
electronic materials and many other industrial applications [2]. Moreover, the
synergistic effect between the epoxy matrix and the carbon filler can generates a
superior nanocomposite material which hold the promise of providing high
mechanical strength, lightweight, flexibility and multifunctional properties.
However, the challenges faced while incorporating the carbon filler into the
epoxy matrix are phase separation, aggregation, lack of interfacial bonding, poor
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dispersion and adhesion within the matrix. These problems can be overcome by
functionalization of the reinforced carbon filler, which provides multiple bonding
sites without affecting the desired properties to make them simply dispersible in the
polymer matrix [3]. So far, various physical and chemical methods of carbon filler
functionalization have been reported. Among them, the chemical modification by
reactive functional group mainly the amine-functionalization of the carbon filler are
much researched because of the high reactivity of the amine group to enhance the
interfacial adhesion and homogeneous dispersion of the filler into the matrix [4, 5].
The chemical functionalization was proposed to provide the stable covalent bond
between the filler and the matrix as compared to the weak Vander wall interaction
acquired by non-functionalized filler. Moreover, after amine functionalization the
hydrophobic carbon filler become more hydrophilic in nature due to presence the
amine functional groups and can easily react with the functional groups present in
the epoxy matrix [6].

In the present study efforts have been made to synthesize epoxy nanocomposite
using nanographite platlets (NGPs) as filler and Bisphenol A diglycidyl ether
(DGEBA) epoxy as matrix. The NGPs after the acid treatment were functionalized
by the amine groups using triethlyenetetramine (TETA). Epoxy based nanocom-
posites were prepared by molding curing method. The main objective of the paper
is to study the influence of the TETA functionalized NGPs on the covalent inter-
action and their effect on the electrical and thermal properties of the composite
(DGEBA/TETA-NGPs) at various TETA-NGPs loadings. The morphology of the
composites was analyzed. The development of such material has significant
potential for various engineering application.

2 Experimental Details

2.1 Materials and Characterization

The natural graphite was purchased from (Asbury Carbon Inc) to prepare NGPs.
Bisphenol A diglycidyl ether (DGEBA, Sigma-Aldrich), triethyltetramine (TETA,
Sigma-Aldrich, 99 %), thionyl chloride (SOCl2, Sigma-Aldrich, 97 %), sulphuric
acid (H2SO4, Merck), Nitric acid (HNO3, Merck) were used as received.

FTIR spectra were recorded using KBr pellet on a Nicolet 5700 FTIR spec-
trophotometer from 400 to 4000 cm−1 wave number at room temperature. The
spectra were collected with a resolution of 4 cm−1 performing 32 scans. The
morphology of the NGPs and epoxy nanocomposite samples were determined by
scanning electron microscopy (SEM) [SEM, Zeiss (MA EVO-18 Special Edition)].
The sample preparation was executed by dispersion of the material in ethanol using
ultra-sonication. The samples were gold coated after placing the small drop of
suspended material on the silicon wafers. The thermal stability of the samples were
measured by thermogravimetric analyzer (Mettler Toledo TGA/SDTA 851e) at
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temperature range of 25–700 °C under an inert atmosphere (flowing N2 gas). The
standard two-probe technique (Keithley programmable current source-model
6517 B) was used to measure the conductivity of the films at room temperature.
The rectangular films of (2 cm � 2 cm) were prepared for electrical measurement
and the ohmic contacts were made on the films by using the silver paste.

2.2 Acid Treatment of NGPs

NGPs were prepared by the modified Hummer’s method as reported earlier by our
group [7]. In a round bottom flask the pristine NGPs flakes were first treated with
nitric acid (20 ml, 50 wt%). After 40 h reflux, the mixture was cooled at room
temperature. Enormous amount of de-ionized water was diluted in the resulting
mixture and then filtered using vacuum pump. The mixture was washed numerous
times using de-ionized water until the pH reached 7, and then dried at 110 °C for
2 days under vacuum. The acid modified NGPs were obtained by 5 h ultrasoni-
cation of unmodified NGPs (U-NGPs) with H2SO4/HNO3 with (3:1) volume ratio
at room temperature. The resulting solution was filtered and washed several times
with deionized water till the solution pH reached neutral. Then the mixture was
dried at 60 °C in vacuum and the A-NGPs were obtained.

2.3 TETA Modification of NGPs

The acid treated NGPS (A-NGPs) were functionalized with thionyl chloride for
acylation. The reaction was performed with the treatment of thionyl chloride along
with the DMF (N, N dimethyl formamide) solvent, and the mixture was allowed to
stir at 70 °C and refluxed for 24 h. After the acyl functionalization, the solution was
washed and extracted with anhydrous THF. The material was then dried and the
solvent was evaporated in vacuum at 60 °C. The resulting acyl-chlorinated NGPs
(AC-NGPs) were obtained. The surface acylated NGPs (AC-NGPs) were further
treated with TETA at 100 °C for 96 h for amine functionalization. The mixture
attained was washed by anhydrous ethanol to remove excessive TETA within the
amine functionalized NGPs, and then filtered and dried in vacuum for 24 h.
The TETA functionalized NGPs were then obtained.

2.4 Preparation of TETA-NGPs/DGEBA Composites

The composite of functionalized NGPs and epoxy matrix was prepared by molding
curing method. In a typical experiment a 100 ml flask charged with proper amount
of TETA-NGPs was dispersed in acetone. After 40 min sonication at room
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temperature, epoxy resin (DGEBA) was added to the black suspension. The reac-
tion mixture was ultrasonicated at 50 °C until the acetone was removed completely.
After stirring for 1 h, 10 % TETA curing agent was added and further stirring was
performed in a magnetic stirrer for 6 h. The reaction mixture was degassed for 0.5 h
to remove bubbles in a vacuum oven. After degasification, the reaction mixture was
quickly poured into the stainless steel molds which were coated with the mold
releasing agent. The curing time of 2 h at 50 °C and 2 h at 100 °C was obtained by
the mixture in an oven. The epoxy nanocomposite was prepared at various com-
positions by varying the TETA-NGPs loadings (1, 2, 3, 4 and 5 %) in the epoxy
matrix (DGEBA). Thus the modified TETA-NGPs/DGEBA were obtained at var-
ious TETA-NGPs loadings. The process of synthesis for preparing
TETA-NGPs/DGEBA was depicted in Scheme 1.

3 Results and Discussion

3.1 Fourier Transform Infra-red Spectroscopy (FTIR)

In Fig. 1 the NGP shows characteristic absorption bands at 3430, 1635 and
1500 cm−1 which is attributed to hydroxyl group, C=C and deformed C–C bond,
receptively. The TETA modified NGPs shows the band at 1610 cm−1 corresponds
to the absorption of –NH bending and stretching. Whereas the –C=O stretching was
obtained at 1650 cm−1 [8]. In addition, a strong peak at 1130 cm−1 is attributed to
the existence of—CN stretching in TETA functionalization. Moreover, a distinct
peak at 3100 cm−1 reveals the stretching of amide groups (–NH2) [9]. However, in
the case of DGEBA/TETA-NGPs, there are characteristic peaks of DGEBA at
2935, 2846, 1432 and 1385 cm−1 which is due to the symmetric and asymmetric
vibration of methylene and the absorption of benzene ring of DGEBA molecule.
A prominent peak at 1715 cm−1 confirms the existence of C=O bond of ester,

Scheme 1 Schematic illustration of the synthesis of DGEBA/TETA-NGP
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indicating the presence of covalent ester bond after grafting with functionalized
TETA-NGPs. The results of FTIR indicate the successful synthesis of DGEBA/
TETA-NGPs through strong covalent interaction between the amine functionalized
NGP and DGEBA molecules.

3.2 Scanning Electron Microscopy (SEM)

The morphology of the NGPs and the TETA-NGPs/DGEBA within the epoxy
matrix were observed by using SEM analysis. Figure 2a shows the SEM micro-
graph of the pristine NGPs depicting bare flat and flaky structure of the layered
graphene sheets. A strong interconnected structure due to the dispersion of TETA
functionalized NGPs within the DGEBA matrix was observed for TETA-NGPs/
DGEBA in Fig. 2b.

3.3 Electrical Conductivity

The conductivity of the TETA-NGPs/DGEBA films at various TETA-NGPs
loadings was measured at room temperature with a potential window from −10 to
10 V. The variation of the electrical conductivity of the epoxy nanocomposites as a
function of NGP wt% at room temperature is shown in Fig. 3. The conductivity of
DGEBA/TETA-NGPs increased from 5.2 � 10−15 S/cm for neat epoxy to
1.4 � 10−3 S/cm for 5 wt% TETA-NGPs loadings. The conductivities of the
DGEBA/TETA-NGPs nanocomposites increases with the increase in the

Fig. 1 FTIR spectra of
a Pristine NGPs
b TETA-f-NGPs
c DGEBA/TETA-NGPs
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Fig. 2 SEM image of
a Pristine NGPs and
b TETA-NGPs/DGEBA

Fig. 3 Variation of electrical
conductivity at various
TETA-NGPs loadings
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TETA-NGPs content in wt% and then levels off at 5 wt% of NGPs loadings.
Consequently adding more nanofiller did significantly alter the resistance. This
shows that the amine functionalization of NGPs facilitates the homogeneous dis-
persion within the DGEBA matrix which resulting into the formation of conductive
networks and hence increase in the electrical conductivity of the composite [10].
Moreover on increasing the filler concentration, more charge carriers may be able to
“hop” by tunneling, resulting in increase in electrical conductivity. The critical
nanofiller content above which sharp increase in electrical conductivity occurs is
known as “percolation threshold”. According to the percolation theory, the per-
colation threshold is the certain critical concentration of nanofiller at which a
conductive path is formed within the composite which exhibits the transition of the
material from non-ohmic to ohmic conduction. TETA-NGPs/DGEBA exhibits
electrical percolation around 3 wt% of TETA-NGPs loadings after which electrical
conductivity increases sharply.

3.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) under N2 atmosphere was used to investigate
the thermal stability of the TETA-NGPs/DGEBA composite. Figure 4 shows the
TGA spectra of NGPs, pure DGEBA and TETA-NGPs/DGEBA. NGP shows initial
decomposition at 100 °C and becomes rapid at 150 °C then the major mass loss
occurs at 460 °C where it decomposes completely which is presumably due to the
pyrolysis of labile oxygen-containing groups such as –OH, COOH etc.
Pure DGEBA epoxy decomposes at 280 °C and begins degradation at 460 °C,
which is ascribed to the main-chain pyrolysis. The TETA-NGP/DGEBA begin to

Fig. 4 TGA spectra of
NGPs, pure DGEBA and
TETA-NGPs/DGEBA
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decompose at higher temperature (360 °C) as compared to that of pure DGEBA at
(280 °C). This remarkable improvement in the thermal stability of the TETA-
NGPs/DGEBA composite is due to the strong covalent interaction between the
TETA functionalized NGPs and DGEBA. The amine functionalized NGPs in the
composite act as a physical barrier which delays the degradation. Moreover,
the ultrahigh aspect ratio of the filler could create a tortuous path for the volatile
degradation products. The slow degradation of the epoxy chains that absorbed at the
matrix filler interface may also contribute to the enhanced thermal stability of the
TETA-NGP/DGEBA nanocomposites [11].

4 Conclusions

In the work, TETA functionalized NGPs was successfully attached to the epoxy
DGEBA with molding curing method. The uniform dispersion of the functionalized
NGPs in the DGEBA matrix was demonstrated by SEM morphology. The homo-
geneous dispersion and the strong interfacial bonding of TETA modified NGPs and
DGEBA at different loadings are supportive to improve the electrical properties by
forming conducting pathway within the matrix. A remarkable thermal property of
TETA-NGPs/DGEBA nanocomposite was obtained with 5 wt% of TETA-NGPs
loadings due to the strong covalent interaction of TETA-NGPs and DGEBA matrix
which act as a physical barrier to delay the degradation. The proposed reinforce-
ment of TETA functionalized NGP filler into the DGEBA matrix significantly
improve the electrical and thermal properties of the composite.
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