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In this work, nanocomposites were prepared by adding a small amount of single walled carbon nanotubes 
(SWCNTs) to an epoxy resin aiming to study the resulting mechanical, viscoelastic and thermal properties of 
the nanocomposites. To optimize the processing of the nanocomposites and to favor a homogeneous dispersion 
of the SWCNTs on the matrix, acetone was used to reduce resin viscosity, increasing diffusion of the SWCNTs 
in the solution. The epoxy/SWCNTs/acetone systems were also sonicated in order to minimize entanglement of 
the SWCNTs. The systems were characterized by Fourier transform infrared spectroscopy, Raman spectroscopy, 
thermogravimetry, differential scanning calorimetry and dynamic mechanical analysis. The results indicated that 
the addition of small amounts of SWCNTs to epoxy leads to slight structural changes in the epoxy matrix which, 
together with the presence of SWCNTs, may reflect on its mechanical and viscoelastic properties
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1. Introduction

Carbon nanotubes (CNTs) display a wide range of unique 
mechanical, optical, and electrical properties along with chemical 
stability. Their mechanical properties (especially tensile strength) 
considerably exceed those of currently available fiber materials1. 

Recent research articles have reported the use of nanotubes in 
polymer2, metal3 and ceramic4 matrix composites. In the polymer field, 
epoxy resin is one of the most often used polymer matrix for advanced 
composite applications. The group of resins of this family presents 
good stiffness and specific strength, dimensional stability, chemical 
resistance, and also strong adhesion to the embedded reinforcement5. 
The preparation of CNT-reinforced epoxies and any other kind of 
polymer, however, requires a homogeneous dispersion and a strong 
interfacial interaction between the nanotubes and the polymer.

The addition of solvents to thermoset resins is a possible route 
to decrease resin viscosity, allowing better distribution of nanofillers 
since the solvent decreases the viscosity of the solution and conse-
quently the SWCNTS may diffuse faster6-8. In fact, the use of a solvent 
is considered an alternative to adequately prepare nanocomposites 
using CNTs as fillers in epoxy matrices9-11, being a necessary step due 
to the high viscosity of the neat epoxy which makes the dispersion 
of these finely divided materials very challenging.

The main purpose of this study is to obtain randomly oriented 
single-walled carbon nanotubes (SWCNTs)/epoxy nanocomposites 
using a minimum amount of solvent, following a tip sonication and 
casting molding route, and to analyze the chemical, thermal and 
mechanical properties of the produced nanocomposites.

2. Experimental

2.1. Materials

The polymer matrix consisted of bisphenol-A-based epoxy resin 
(Araldite GY 251) with an amine-based hardener (Aradur HY 956), 

obtained from Huntsman Advanced Materials and Acetone (Quim-
idrol, 99.5% purity) was the chosen solvent. Single-walled carbon 
nanotubes grown by arc discharge were supplied by Federal Univer-
sity of Minas Gerais (UFMG, Brazil) and its purity was higher than 
95% (supplier data sheet).

For the preparation of the samples, SWCNTs (0.10 or 0.25% 
w.w–1 in relation to the epoxy matrix) were dispersed in acetone us-
ing simultaneous magnetic stirring (100 rpm) and sonication (Sonics 
Vibration, 500 W and 20 kHz). The amount of acetone used, 10% 
w.w–1 in relation to the epoxy matrix, was chosen in order to minimize 
viscosity and yet avoiding the use of a large amount of solvent, as 
published earlier12.

The mixture was heated to 50 °C under vacuum (≈10–2 atm) for an 
hour to remove most of the solvent. The epoxy was then added, and 
the mixture sonicated under magnetic stirring (100 rpm) for one hour. 
Further, the system was stirred (100 rpm) under vacuum at 70 °C for 
60 minutes. To evaluate the removal of all solvent, the samples were 
weighed before the addition of acetone and before curing. Neverthe-
less, acetone traces could still be found in the nanocomposites. Then, 
the dispersions were left under vacuum for 4 more hours without 
heating. Later, the hardener was added (5:1 w.w–1) and the mixture 
was allowed to cure at 38 °C for 30 hours. Neat epoxy resin samples 
were also prepared following the same route for comparison.

2.2. Sample characterization

The carbon nanotubes (CNTs) employed in this work were pro-
duced by arc discharge using nanoparticles of Co/Ni as catalyst. A 
TEM image of CNTs after purification is presented in Figure 1.

The degree of purity observed in the TEM micrograph is con-
firmed by Raman spectroscopy, shown in Figure 2. The peak related 
to the amorphous carbon may be found at 1350 cm–1 (D band) and the 
one representing the CNTs at 1580 cm–1 (G band). The low intensity 
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of the D band in comparison with the G band is a strong indicative 
of low structural disorder in the SWCNTs.

The characterization of the solutions and the composites included 
the following analysis:

•	 TEM:	Transmission	electron	microscopy	(TEM)	analyses	were	
carried out in a JEOL - JEM 1200ExII (120 kV) equipment in 
samples previously obtained with an ultra-microtome.

•	 Raman:	The	Raman	 spectrum	of	 the	 samples	was	obtained	
by using the 514-nm line of an argon laser (power density of 
1 mW) and a triple-grating spectrometer (Jobin-Ivon).

•	 Viscosity:	Viscosity	 measurements	 were	 performed	 using	 a	
Brookfield CAP 2000 viscosimeter at 50 °C with 2.5 mm 
diameter cone-plate geometry, the cone having an inclination 
of 0.1 radians. These measurements were carried out on the 
solutions before the removal of acetone.

•	 Thermal	Analyses:	Thermogravimetry	(TG)	was	conducted	in	
a Netzsch (STA 449C) equipment, heating the samples from 
15 to 900 °C at a heating rate of 10 °C/min under nitrogen 
atmosphere. Differential scanning calorimetry (DSC) analyses 
were carried out in a TA 2010 thermal analyzer under nitrogen 
atmosphere at 10 °C/min, from –50 to 250 °C.

•	 FTIR	Analysis:	Fourier	transform	infrared	spectroscopy	(FTIR)	
analyses were conducted in a Perkin-Elmer Spectrum One B 

equipment with a resolution of 4 cm–1, from 4000 to 650 cm–1, 
on transmission mode.

•	 Mechanical	Tests:	Tensile,	compressive	and	flexural	tests	were	
performed in a Universal Testing Machine EMIC DL 3000. 
Tensile tests used a 500 kgf load-cell and a 5 mm/min cross-
head speed, according to ASTM D638. Compressive tests used 
a load cell of 2000 kgf and a traveling speed of 1.3 mm/min 
(ASTM D 695-02a). Three-point bending (flexural) tests used 
a load cell of 2000 kgf and a traveling speed of 2.6 mm/min 
(ASTM D 790 02). Izod impact tests were carried out in a 
CEAST equipment (model 6545), using a 1 J hammer, accord-
ing to ISO 180/A.

•	 Dynamic	Mechanical	Analysis:	Dynamic	mechanical	analyses	
were performed in a TA Instruments 2980 equipment, operating 
in three-point bending (flexural) mode, dual-cantilever clamp, 
at an oscillation frequency of 1 Hz. Data were collected from 
–50 to 170 °C at a scanning rate of 10 °C/min.

•	 Morphological	 Characterization:	 -	 SEM:	 Morphological	
 characterization of the fractured surface of the samples was 
carried out via scanning electron microscopy - SEM (Zeiss 
DSM 940 A at 15 kV). 

3. Results and Discussion

3.1. Viscosity

Figure 3 presents the viscosity of the solution (10% w.w–1 acetone) 
of epoxy, with and without SWCNT, as a function of shear rate. An 
increase of 8-12% in viscosity for the 0.10% w.w–1 of SWCNTs, in 
comparison with the unreinforced resin was observed. However, the 
addition of 0.25% w.w–1 of SWCNTs surprisingly decreased viscosity. 
It is important to also take into consideration the effect of the solvent 
on the viscosity. In a recent study12, the authors have showed that 
the addition of acetone decreases, in up to 50%, the viscosity of the 
epoxy resin, what is expected considering that the solvating effect 
of the solvent weakens inter-chain interactions10.

Furthermore, Cotiuga et al.14 found that increasing the duration of 
ultrasonic irradiation of the CNTs dispersions, an initial increase in 
solution viscosity was obtained, suggesting this to be an indication of 
the progress of the SWCNTs exfoliation. For long sonication periods, 
however, the viscosity started decreasing, which was interpreted as a 50 nm

Figure 1. TEM image of SWCNTs.
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Figure 2. Raman spectroscopy of SWCNTs (provided by the supplier).
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Figure 3. Viscosity of the 0.00, 0.10 and 0.25% w.w–1 of SWCNTs samples 
under different shear rates.
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consequence of breakage/damage (with a possible decrease in average 
length) of the SWCNTs. 

It is difficult to give a detailed account of the mechanisms leading 
to a lower viscosity. Nevertheless, the increase in viscosity with the 
addition of 0.1% w.w–1 of SWCNTs could happen due to suppressed 
vortices in the presence of nanotubes15. On the other hand, a higher 
amount of SWCNTs could favor the contact between the epoxy mol-
ecules and the nanotubes, causing some orientation of those molecules 
and, consequently, a reduction in viscosity; besides, the release of 
trapped solvent traces could also lead to a reduction in viscosity.

3.2. Infrared spectroscopy

Figure 4 shows the FTIR spectra of the neat epoxy and epoxy/
SWCNT dispersions before curing. It is observed that the absorption 
bands are quite similar, indicating that neither acetone nor SWCNTs 
appear to change the chemical structure of the epoxy, similar to what 
has been suggested by Lau9. Therefore, the analysis focused on the 
FTIR spectra of the cured samples with different carbon nanotubes 
concentrations, where the influence of the SWCNTs (and acetone) 
in the curing cycle of the epoxy resin. 

Absorption bands of epoxy resins in the region of 800-920 cm–1 
are commonly used for the determination of epoxide groups12,18,26. The 
changes in some absorption bands during cure can be easily observed18. 
In this procedure, absorption bands in the range 910-920 cm–1 range 
(using the band near 830 cm–1 as an internal standard, assigned to the 
aromatic ring bending out of plane9) in the FTIR spectrum of epoxide 
resins are used for the determination of epoxide groups26. The absorption 
intensity of this band (910-920 cm–1) is considered maximum for un-
cured epoxy resins, decreasing with the conversion of the epoxide groups 
during the curing cycle, when the conversion of the epoxide groups 
takes place12,18. Figure 5 shows the FTIR spectra of the neat cured (and 
uncured) epoxy and the cured nanocomposites. The band corresponding 
to the epoxide groups (910-920 cm–1) can be clearly identified. Compar-
ing the spectra of the cured and uncured resin, it can be seen that the 
intensity of the reference band is quite the same to the cured epoxy and 
nanocomposites, which means that the presence of the CNTs (and the 
acetone) have not showed influence in the extension of the conversion 
of the epoxide groups, providing a extensive curing cycle.

Significant changes in the infrared absorption bands could not 
be easily observed and there is no evidence of any pi-pi interactions. 

Indeed, there appears to be no literature reports on this type of interac-
tions in DGEBA/carbon nanotube systems. Besides, spectral changes 
that could be related to hydrophobic interactions between DGEBA 
and SWNTs were not seen.

3.3. Thermogravimetry

In the TGA, all samples started losing weight around 70 °C, with 
a 90% degradation around 550 °C. There is an initial small weight 
loss between 70-190 °C, possibly corresponding to the evaporation 
of trapped solvent, a similar behavior to that reported by Lau17. The 
second weight loss, between 190-320 °C (peak at 250 °C), is pos-
sibly due to the decomposition of lower molecular weight material, 
and the third one, between 290-490 °C (peak at 370 °C), refers to the 
degradation of the SWCNT/epoxy nanocomposites11.

Generally, thermoset polymers with higher cross-link density 
show higher maximum decomposition temperature. The cross-link 
density is maximized when the complete stoichiometric conversion 
of epoxy is achieved. With the addition of acetone (and SWCNTs), 
as discussed by Hong18, cross-link density may be reduced, resulting 
in slightly lower decomposition temperatures.

3.4. Mechanical properties

The results of all mechanical testing carried out are summarized 
in Table 1. Regarding tensile properties, there is an increasing trend 
in strength (up to 8%) and Young’s modulus (up to 7%) for the 
nanocomposites.

Allaoui et al.19 studied the mechanical properties of nanocom-
posites of multiwalled carbon nanotubes (MWCNTs)/epoxy showing 
elastomeric behavior due to the incomplete curing of the epoxy. In 
their work, the addition of 1 and 4% w.w–1 of MWCNTs increased 
the Young’s modulus in 100 and 200%, respectively. Varying the 
curing cycle, Loos et al.20 found a similar behavior for SWCNTs/
epoxy systems, achieving an increase of up to 495% in the Young’s 
Modulus when 0.25% w.w–1 of SWCNTs was added to partially 
cured epoxy systems.

Figure 4. FTIR spectra obtained for uncured epoxy samples with 0.00, 0.10, 
and 0.25% w.w–1 of SWCNTs.

Figure 5. FTIR spectra obtained for cured epoxy samples with 0.00, 0.10, 
0.25% w.w–1 of SWCNTs.
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On the other hand, Ci et al.21 evaluated the mechanical properties 
of SWCNTs/epoxy nanocomposites with different rigidity degrees 
and observed that the Young’s Modulus of the epoxy resins with 
high stiffness (2.44 GPa) were not significantly altered with the 
addition of carbon nanotubes, i.e. it appears that when the epoxy is 
adequately cured, the gain in rigidity with the addition of SWCNTs 
is much lower.

Regarding compression tests, the compression strength of the 
pure epoxy was 57.8 MPa, whereas the nanocomposites presented 
slightly (8%) higher mean values (see Table 1). In addition, compres-
sion modulus followed the same trend. Using a much higher amount 
and a different kind of CNT (MWCNTs - 5% w.w–1), Schadler et al.22 

obtained an increase from 3.6 to 4.5 GPa (24%) in the compression 
modulus of MWCNTs/epoxy. According to this author, for MWCNT/
epoxy composites, the compression modulus is higher than the tensile 
modulus, indicating that load transfer to the nanotubes is higher when 
all the layers are involved, whereas in tensile tests only the external 
layers are required. This effect was not observed in this work, which 
studied SWCNT/epoxy composites, and the tensile modulus was 
two-fold that of the compression modulus.

Virtually no changes were found for the flexural properties of the 
studied nanocomposites (Table 1). In this respect, contrasting reports 
may be found in the literature. Moniruzzaman et al.23 obtained an 
increase of 15 and 8% in flexural modulus and strength, respectively, 
for SWCNT/epoxy nanocomposites with 0.5% w.w–1. On the other 
hand, Lau24 found a decrease of 10% in flexural strength of MWCNT/
epoxy nanocomposites using 2% w.w–1. SEM revealed that nanotubes 
were easily pulled out from the samples during flexural testing due 
to the poor bonding between MWCNTs and epoxy.

The Izod impact test results are also included in Table 1. The ad-
dition of SWCNTs decreased the impact strength of epoxy in 27%. 
Miyagawa et al.25 also found a decrease in impact strength for epoxy 
matrix nanocomposites with fluorinated SWCNTs and suggested 
that it was due to a large addition of nanoinclusions after the epoxy 
had become excessively viscous. The decrease in impact strength 
also suggests poor interaction between the SWCNTs and the epoxy, 
where little or no energy dissipation phenomena at the interface ap-
pear to happen. The presence of acetone traces may also be adversely 
affecting impact strength.

A SEM image of the surface of a tensile fractured 0.25% w.w–1 
of SWCNTs sample is presented in Figure 6a, and 6b shows a cor-
responding TEM micrograph. The SEM micrograph shows a typical 
brittle failure of highly cross-linked epoxy matrices, but some small 

Table 1. Tensile, compressive, flexural and impact properties of CNT/epoxy composites.

SWCNTs (w.w–1)

0.00% 0.10% 0.25%

Tensile properties

Young’s modulus (GPa) 2.4 ± 0.3 2.5 ± 0.2 2.6 ± 0.2

Elongation at break (%) 3.0 ± 0.2 3.0 ± 0.4 3.0 ± 0.4

Strength (MPa) 42.1 ± 1.3 45.5 ± 2.6 45.1 ± 3.5

Compressive properties

Strength (MPa) 57.8 ± 2.5 60.7 ± 5.0 59.4 ± 4.5

Modulus (GPa) 1.2 ± 0.1 1.3 ± 0.1 1.3 ± 0.1

Flexural properties

Strength (MPa) 76.8 ± 3.3 76.2 ± 3.1 80.1 ± 4.6

Modulus (GPa) 3.0 ± 0.2 2.9 ± 0.2 3.0 ± 0.2

Impact properties

Izod strength (kJ/m2) 2.2 ± 0.2 1.6 ± 0.2 1.6 ± 0.1

200 m100x15 kV
(a)

0.2 m

(b)

Figure 6. a) SEM micrograph of a CNT/epoxy composite fracture surface; 
and b) TEM of a CNT/epoxy nanocomposite surface.
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brighter points suggest the presence of agglomerates. This was con-
firmed by the qualitative investigation by TEM, which revealed the 
presence of some relatively large CNT agglomerates (ca. 200 nm).

3.5. Dynamical mechanical analysis

Figure 7a shows the storage modulus as a function of the tempera-
ture for the various epoxy systems. The presence of CNT influences 
the storage modulus of the epoxy resin in the glassy region and in the 
vicinity of its glass transition temperature (near 76 °C). The addition 
of 0.10 and 0.25% w.w–1 of SWCNTs yielded a 9 and 16% increase in 
storage modulus, respectively, at 30 °C. This behavior can be explained 
in terms of possible physical interactions between the SWCNTs and 
the epoxy through their enormous interfacial area. Alternatively, this 
could simply be an increase in rigidity caused by the presence of a 
more rigid phase dispersed within the less rigid matrix phase.

The tan δ curves of the neat epoxy and its nanocomposites are 
shown in Figure 7b. Although there was no significant variation in 
peak height, the glass transition temperature (T

g
), determined from the 

peak position in tan δ, showed a slightly clearer trend, increasing with 
the addition of SWCNTs (Table 2). The T

g
 increases from 76 °C in the 

neat epoxy to around 80 °C in the nanocomposites. This small increase 

Table 2. Glass transition temperatures, T
g
 (oC), obtained from DSC and 

DMA results.

Sample DSC Loss 
modulus

Tan δ

Neat epoxy 63 68 76

0.10% w.w–1 of SWCNTs 65 71 80

0.25% w.w–1 of SWCNTs 63 69 79

could be interpreted as a reduction of the mobility of the epoxy around 
the carbon nanotubes due to their presence in the resin.

For comparison, Table 2 also shows the T
g
 as estimated by DSC 

and loss modulus results, and although the values are somewhat 
different, they also appear to reveal a trend for a T

g
 increase when 

SWCNTs are added to the epoxy matrix.

4. Conclusions
This work evaluated the effects caused by the addition of nanofill-

ers, i.e. single walled carbon nanotubes (SWCNTs), on an epoxy resin 

Figure 7. DMA curves for CNT/epoxy composites: a) Storage modulus vs. T; and b) Tan δ vs. T; and c) Loss modulus vs. T.
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before and after curing. The viscosity of the resin/acetone/SWCNTs 
dispersions in epoxy increased, in general, in relation to the neat epoxy. 
The inclusion of SWCNTs could not be traced by infrared spectroscopy 
(FTIR) of the uncured resin, although the spectra of the cured dispersions 
were slightly different from that of the neat cured resin. In the thermo-
gravimetric analysis, some residual solvent was found in the dispersions. 
This and the presence of SWCNTs itself may have been responsible for 
reducing cross-link density of the cured nanocomposites.

Tensile tests showed an apparent increase in Young’s modulus 
and strength and the elongation at break remained constant with the 
addition of SWCNTs. An increasing trend was also found in compres-
sion strength and modulus with the addition of SWCNTs, whereas the 
flexural properties were virtually unaffected by the SWCNTs. These 
results along with the decrease in Izod impact strength of the samples 
with SWCNTs appear to be an indication of an inadequate bonding 
between the phases. Although the changes in properties indicated a 
general trend, it is important to bear in mind that the mean values 
of some of the properties of the nanocomposites were within the 
experimental error of the results for the pure epoxy.

It was noted a significant change in storage modulus of the nano-
composites up to the vicinity of the T

g
 of the epoxy, especially with 

0.25% w.w–1 of SWCNTs. The T
g
 of the epoxy was also affected, 

although slightly, by the addition of SWCNTs. In all, the results 
indicate that the addition of small amounts of SWCNTs to the epoxy 
may induce some structural changes in the epoxy matrix which reflect 
on its viscoelastic properties.

Since stiffness and strength appear to increase with the addition 
of SWCNTs, this may be an indication that the addition of higher 
CNT contents could improve more sharply the properties of the final 
material. In this case, care must be taken to ensure that dispersion 
is adequate so that a more significant increase in properties may be 
achieved. 
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