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a b s t r a c t

We report the synthesis and characterization of nanocomposite thin films consisting of single-walled car-

bon nanotubes with different functionalization schemes dispersed in an epoxy matrix. The thermal, rhe-

ological, and mechanical properties of nanocomposite thin films were experimentally characterized to

establish a relationship between processing and performance. The results from the rheological analysis

confirmed that the nanotube type and functionalization strongly affect the resin viscosity during cure.

A correlation between the rheological behaviour and the measured elastic properties was established.

Nanotubes produced by plasma and functionalized with carboxyl group had the lowest influence on vis-

cosity and led to the highest improvement in elastic properties. The measured increase in elastic modulus

was consistent with predictions based on Mori–Tanaka micromechanics.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Research on the synthesis and characterization of carbon nano-

tube (CNT)-reinforced polymer structures has produced a large and

rich literature; several recent articles contain an excellent over-

view of these developments [1,2]. Much of the earlier work focused

on the direct incorporation of the nanotubes as reinforcement fill-

ers in the resin. These resins were then processed to fabricate films,

fibres, or bulk composites with enhanced mechanical and other

multifunctional properties. However, the measured enhancements

in properties are significantly less than expected due to the diffi-

culty of processing nanocomposites (especially in controlling

alignment and dispersion, and in ensuring strong matrix–CNT

interfaces). This difficulty is due, in part, to the effects of the nano-

tubes on the rheological and curing behaviour of the polymer. Spe-

cifically, the viscosity of the matrix can increase by orders of

magnitude upon the addition of carbon nanotubes with large as-

pect ratios (length/diameter >500). The degree to which the viscos-

ity is affected is highly dependent on the type and aspect ratio of

the nanotubes [3], dispersion state [4], and functionalization [5].

Epoxy with functionalized nanotubes can exhibit a high degree of

shear thinning behaviour compared to the neat resin [6]. Carbon

nanotubes have shown to affect the cure behaviour of resin sys-

tems as well, and single-walled carbon nanotubes (SWCNT) in

epoxy act as strong catalysts even at a loading of 5 wt.% [7]. The

presence of CNT has led to an increase in the initial rate of reaction

[8] and in the time to the maximum rate of reaction [9]. Thus, these

effects cannot be ignored if one aims to have a full understanding

of the processing of polymers in the presence of the nanotubes. As

a step in that direction, this work presents a systematic experimen-

tal study that provides a foundation for developing chemistry-pro-

cess–structure-property relationships for nanocomposite thin

films. The focus of this work will be the investigation of the rela-

tionship between the rheological and mechanical properties of

epoxy resins modified with SWCNT using different synthesis and

functionalization methods.

2. Materials synthesis

2.1. Synthesis of single-walled carbon nanotube (SWCNT)

SWCNT were prepared using a highly efficient double-laser-

oven technique [10] and a high throughput induction thermal plas-

ma process [11]. For the laser-oven technique, an inert environ-

ment of flowing Argon (250 sccm) was maintained inside a

45 mm diameter quartz tube fitted with a Brewster window. A

gas-inlet was positioned at one end, while a water-cooled collector

(or an environmental sample chamber) and a pumping port were

placed at the other. The pressure and temperature inside the
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quartz tube were maintained at 67 kPa and 1450 �C, respectively,

throughout the process. Two types of lasers were employed in this

process. The first was a nanosecond-pulsed Nd:YAG laser (Spectra-

Physics Pro290–30) operating at 1064 nm (or 532 nm) and 30 Hz

with a fluence of approximately 2 J cm�2/pulse (and 1 J cm�2/

pulse), respectively. This laser was setup for the purpose of vapor-

izing the targets (graphite doped with 0.6 at.% each of cobalt and

nickel). The second laser used in this process was a Nd:YAG laser

(Spectra-Physics Tornado S240-TN50–106Q), operating at either

continuous wave or 20 kHz, at a wavelength of 1064 nm and mea-

sured average powers of 50 W and 48W, respectively. This laser

was used to alter the rate of cooling of the condensing plume gen-

erated by the vaporizing laser. The product of this process con-

tained SWCNT (70 wt.%), metal catalyst contamination (6 wt.%),

and other impurities including amorphous and graphitic carbon

particles. Subsequently, the as-produced SWCNT were subjected

to a purification process to remove these impurities. Briefly, this

process relies on cycles of solvent extraction, floatation and precip-

itation. Besides its simplicity and scalability, an important feature

of the procedure was that it did not damage the SWCNT, as will

be shown later. The specific details and techniques of the purifica-

tion procedure are in preparation and will be published elsewhere.

2.2. SWCNT and epoxy integration

The carbon nanotubes manufactured by the laser process were

functionalized using 4-aminobenzyl alcohol through diazonium

reactions following the procedure shown in Scheme 1 [12] in

Fig. 1 (designated as ‘‘Alkoxy Laser”). Alternately, carboxyl groups

were introduced using the rapid functionalization method devel-

oped in our laboratory, shown in Scheme 2 [13] in Fig. 1 (desig-

nated as ‘‘Carboxyl Laser”). The underlying motivation for

functionalization was to aid in the debundling and dispersion of

the nanotube during composite processing. For the plasma pro-

duced SWCNT, only carboxyl functionalization was used (desig-

nated ‘‘Carboxyl USP”).

The matrix used in this study was a standard aerospace grade

epoxy, Araldite� MY0510 epoxy (Huntsman), which was cured

with 4,4-Diaminodiphenyl Sulphone (DDS) as the hardener. The

integration of hydroxy-functionalized SWCNT into MY0510 is de-

scribed in Scheme 3 (Fig. 1). Briefly, the hydroxy group was first

deprotonated with sodium metal in THF under nitrogen atmo-

sphere to form an alkoxy group, a strong nucleophilic agent. Fol-

lowing nucleophilic attacks on the epoxy groups, C–O covalent

bonds are formed between the epoxy resin and the SWCNT. In

the absence of moisture, the reaction would continue and cross-

link the resin until all the epoxide groups are transformed. For this

study, the cross-link reaction was stopped after 2 h by sparging air

until most of the solvent was removed. Finally, the viscous resin

mixture was placed in a vacuum oven at 100 �C and <100 kPa over-

night to complete removal of the solvent. Carboxyl-functionalized

SWCNT can be covalently anchored to the MY0510 resin through

esterification reactions between the carboxylic and epoxide

groups, as shown in Scheme 4 (Fig. 1). Here, a well-dispersed sus-

+ H2N
OH OHONO

1,2 ODCB

+

Na
+
(THF)n

N
a

+
(T

H
F

) n

N
a

+
(T

H
F

) n
N

a
+
(T

H
F

) n

THF

+

HOOC(CH

THF

RT

2)3COOC(CH2)3COOH

O O

HOOC(CH2)3

HOOC(CH2)3
(CH2)3COOH

OH

+ Na
THF

ONa(THF)n

N

O

O

OO

NO

O

O

OHO

HOOC(CH2)3

HOOC(CH2)3 (CH2)3COOH

N

O

O

O
O

NO

O

O

OHO

+

HOOC(CH2)3

HOOC(CH2)3
(CH2)3C

O

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Fig. 1. Different schemes for chemical integration of epoxy and SWCNT. Scheme 1: Alkoxy functionalization of SWCNT through diazonium reactions. Scheme 2: Carboxyl

functionalization of SWCNT by the rapid functionalization method. Scheme 3: Anchoring of MY0510 onto the alkoxy-functionalized SWCNT. Scheme 4: Anchoring of MY0510

onto carboxyl-functionalized SWCNT through esterification.
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pension of Carboxyl-SWCNT in THF was mixed with MY0510 by

shear-mixing and after 2 h air was sparged to remove the solvent.

The composite was then placed in a vacuum oven and maintained

at 100 �C and under vacuum (30 InHg) overnight.

3. Material characterization

3.1. SEM characterization

Scanning electron micrographs were obtained using a Hitachi S-

4800 FE microscope, operating at 1.2 kV, at a distance of 3 mm.

Samples were prepared by pipetting a few drops of a suspension

of SWCNT in methanol onto an aluminum SEM sample stub with

a disposable Pasteur glass pipet. Fig. 2 shows micrographs of the

as-produced and purified SWCNT. We estimate that the SWCNT

content in the purified material is >90%.

3.2. Raman characterization

Raman spectra were recorded on a custom built spectrometer

consisting of a Spectra-Physics Lasers (model: 277-GA04) genera-

tor, and a WiTec confocal microscope fibre coupled to an Acton

2500i spectrograph fitted with a Roper Scientific CCD array detec-

tor. Measurements were carried out using 514.5 nm excitation

attenuated to have a power density well below 2 kW cm�2 at the

sample to avoid laser heating effects. Raman samples were pre-

pared by sonicating a few mg of SWCNT in a few ml of methanol

in a sonication bath for 15 min. Fig. 3 compares Raman spectra of

the as-produced and purified SWCNT. The D-band of the purified

SWCNT exhibits a smaller intensity than the corresponding band

of the as-produced nanotubes. This demonstrates that the purifica-

tion technique did not damage the structure of SWCNT.

3.3. Thermogravimetric characterization

Thermogravimetric analysis (TGA) indicates a structural modifi-

cation of the epoxy system when subjected to a compatible nano-

tube functional group. The TGA tests were performed with a

Perkin–Elmer TGA7 unit, and three calibration routines were per-

formed prior to the characterization of the nanocomposite. The

first routine was performed to match the temperatures of the fur-

nace and thermocouple, the second was a two-standard calibration

using nickel and iron to calibrate the Curie point, and the third was

a mass calibration of the unit, which was performed using a

100 mg standard.

The TGA experiments were performed on four sets of speci-

mens: MY0510 (neat), MY0510/DDS, SWCNT/MY0510 (with

0.2 wt.% of SWCNT), and SWCNT/MY0510/DDS (with 0.125 wt.%

of SWCNT). The MY0510 was poured into the specimen holder as

received, but the MY0510/DDS, SWCNT/MY0510 and SWCNT/

MY0510/DDS specimens were stirred manually using a glass stirrer

for 30 min to ensure homogeneity before being poured into the

specimen holder. For the specimens containing DDS, the epoxy

and hardener were mixed in a ratio of five parts epoxy to three

parts of hardener, as recommended by the manufacturer. The

TGA tests were performed by heating the specimen in air to a max-

imum temperature of 800 �C at a rate of 20 �C/min.

Figs. 4 and 5 show the weight loss as a function of temperature

for the neat resin and various SWCNT–reinforced nanocomposites.

The data in Fig. 4 are for epoxy and nanocomposite systems with-

out the use of the hardener DDS, and show that the nanotubes af-

fect the thermal degradation profile, particularly after 350 �C.

Therefore, the nanotubes act as mild curing agents which react

with the epoxy groups. The results of a similar comparison on

specimen containing DDS are shown in Fig. 5. This graph confirms

that DDS improves the thermal stability of MY0510, and that the

nanotubes lead to an additional increase in stability after 350 �C.

3.4. Rheological characterization

Rheological tests were performed on MY510/DDS and SWCNT/

MY0510/DDS specimens using a TA Instruments AR2000 rheome-

Fig. 2. (a) SEM image of as-produced SWCNT and (b) SEM image of purified SWCNT.

Fig. 3. Raman spectra of as-produced and purified SWCNT produced by the laser-

oven method.

2276 P. Hubert et al. / Composites Science and Technology 69 (2009) 2274–2280



Author's personal copy

ter with 40 mm parallel plates. The sample gap size was kept in the

range of 500–1000 lm (volume of 0.628–1.257 ml) per sample.

Dynamic temperature tests (oscillatory temperature ramp) were

performed on the nanocomposite mixture to observe the variations

in the viscosity profile of the resins with temperature. The test was

performed from room temperature to 250 �C at a ramp rate of 3 �C/

min. The control variable of 12% strain was used with the sampling

rate set at 1 point every 10 s at the frequency of 1 Hz. The post-

experiment step set the temperature back to 25 �C. Fig. 6 presents

the viscosity measured during cure as a function of temperature.

The results clearly illustrate the effect of a dilute concentration

of SWCNT on the rheological behaviour of the resin. The nanotubes

produced by the laser process (and functionalized with alkoxy and

carboxyl groups) increased the viscosity of the epoxy by an order of

magnitude at room temperature (25 �C). Further, the difference in

viscosity between the neat epoxy and the mixture containing car-

boxyl-functionalized SWCNT is almost two orders of magnitude at

100 �C. In contrast, the SWCNT produced by the plasma process

(and functionalized using carboxyl group) led to relatively little

change in the viscosity of the epoxy at room temperature. How-

ever, the epoxy reinforced with this type of nanotubes showed a

significant decrease in its viscosity over a temperature range of

80–150 �C. The plasma process is known to produce nanotubes of

shorter length in comparison with the laser process, and this

change in structural characteristic is assumed to be the primary

cause for the observed differences in the viscosity.

4. Experimental characterization of mechanical properties

The elastic properties of nanocomposite thin films were as-

sessed using a nanoindenter-based bending test. This method is

essentially a bending test performed on a clamped circular plate

subjected to a central point load. In practice, the test was per-

formed by employing a commercial nanoindenter (TriboIndenter,

Hysitron) to apply loads and measure displacements with resolu-

tion of micronewtons and nanometers, respectively. Fig. 7a shows

an exploded schematic diagram of the fixture used for testing. Con-

sidering a clamped circular film of thickness h and radius a that is

loaded at the center using a spherical indenter (Fig. 7b), the applied

load P leads to a deflection that contains two components: defor-

mation due to bending of the plate (dP) and deflection due to the

local indentation at the point of contact with the indenter (dC).

The total displacement, dT, measured by a nanoindenter, is simply

the sum of these two deformations and hence:

dT ¼ dC þ dP ð1Þ

The displacement of the center of a circular plate clamped at its

edge and loaded with a point load at its center is given by Timo-

shenko’s plate theory [14]:

dP ¼
3ð1� m2Þ

4pE

a2

h
3
P ð2Þ

Here, E and m are, respectively, Young’s modulus and Poisson’s ratio

of the plate. For the second deformation, as a first approximation,

the contact indentation was assessed using Hertzian contact

mechanics. The depth of indentation (dC) caused by a spherical tip

on an elastic half-space is given by:

Fig. 4. Weight loss as a function of temperature for MY0510 epoxy and for

MY0510-matrix nanocomposite containing 0.2 wt.% SWCNT. The nanotubes were

produced by the laser process (and functionalized with alkoxy and carboxyl groups)

and by the plasma process (and functionalized with carboxyl groups), as indicated.

Fig. 5. Weight loss as a function of temperature for MY0510 epoxy (with and

without DDS), and for MY0510/DDS nanocomposite containing 0.125 wt.% SWCNT.

The nanotubes were produced by the laser process and functionalized with alkoxy

and carboxyl groups as indicated.

Fig. 6. Temperature dependence of viscosity for MY0510 epoxy (with DDS

hardener). The effects of adding 0.125 wt.% SWCNT on viscosity are indicated. The

red and blue curves correspond to nanotubes produced by the laser process and

functionalized with alkoxy and carboxyl groups, respectively. The brown curve

corresponds to nanotubes produced by the plasma process and functionalized with

carboxyl groups. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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dC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9

16

P2

RE2
r

3

s

ð3Þ

where R is the tip radius and Er is the reduced modulus (combined

modulus) defined as:

1

Er

¼
1� m2

E
þ
1� m2I
EI

ð4Þ

Here EI and mI are the known values of the elastic constants for the

indenter. By substituting for dP and dC in Eq. (1) from Eqs. (2) and

(3), we obtain:

dT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9

16

P2

RE2
r

3

s

þ
3ð1� m2Þ

4pE

a2

h
3
P ð5Þ

A detailed description of the development and validation of this test

method, experimental protocols, and data analysis procedures are

described elsewhere [15]. In implementing this test, care must be

exercised to ensure that the deformation is in the bending regime.

In general, a plate deflection of less than 5% of the film thickness

guarantees a pure bending behaviour of the film [16]. Fig. 8 shows

the ratio of contact indentation to plate deformation (dC:dP) on a

logarithmic scale as a function of film thickness, under the condi-

tion that the maximum permissible force Pmax is applied in the plate

deformation regime. Here, the radii of the spherical indenter (R) and

circular plate are, respectively, equal to 100 lm and 1.25 mm to

match the experimental setup. As long as the film is characterized

with the maximum plate-regime force, the displacement ratio is

not dependent on the film’s Young’s modulus (thick curve). How-

ever, since the force that can be applied using the TriboIndenter is

Fig. 7. (a) A schematic design of the bending fixture and its components. (b) Contact indentation (dC) and plate deflection (dP) as a result of load P.

Fig. 8. Contact-to-plate displacement ratio as a function of film thickness for

different values of the elastic modulus.

2278 P. Hubert et al. / Composites Science and Technology 69 (2009) 2274–2280
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limited to a maximum force of 15 mN, it is not possible to reach the

maximum plate-regime force with thicker films. As a result, the dis-

placement ratio is a function of the Young’s modulus of the film.

Thin films of MY0510 epoxy and epoxy-reinforced nanocom-

posites were prepared in the form of uniform thin films with thick-

ness ranging from 25 to 60 lm. This was accomplished by curing

the films between two glass substrates. This range of thicknesses

results in dC:dP < 0.1 (Fig. 8), so that the films were characterized

mainly based on their plate deformation. Finally, the elastic mod-

ulus was obtained from the measured load–displacement curves

by using Eq. (5) and assuming a value of 0.4 for the Poisson’s ratio

of the films.

The results from several sets of tests on MY0510 epoxy thin

films, and different nanotube-reinforced epoxy thin films, are cat-

aloged in Table 1. These values represent the average over four dif-

ferent films for each case. For comparison, the flexural modulus of

MY0510 epoxy is reported to be 3.4 GPa by the manufacturer

(Huntsman). The last column in this table shows the change in

the elastic modulus of the nanocomposite using the neat epoxy

as the baseline. The measured change (in percentage) is compared

with the change computed using the Mori–Tanaka method [17],

assuming that the reinforcing agents are arrays of SWCNT with

perfectly-random orientation within the matrix. The predicted

change for specimens with low loading of SWCNT (in the range

of 0.125–0.25%) is only 3.75%, which is below the resolution of this

technique. However, a significant increase of 24% was measured in

the elastic modulus for the specimen reinforced with 1% of plasma-

produced, carboxyl-functionalized SWCNT. This increase can be

placed in context by noting that the predictions of the Mori–Tana-

ka calculation for random composites [17] (which assumes perfect

bonding between reinforcement and matrix) is 30% for this speci-

men. Fig. 9 shows SEM images of the fractured cross-sectional

areas of both pure epoxy and Carboxyl USP-3 (1 wt.% SWCNT)

films. Individual ropes of SWCNT with diameters of tens of nano-

meters can be seen all over the cross-sectional areas of nanocom-

posite films. However, the presence of small SWCNT agglomerates

of a few micrometer can also be observed in these films as illus-

trated in Fig. 9b, demonstrating non-uniform dispersion of inclu-

sions inside the matrix.

5. Summary

This paper presented the results from an experimental study of

the rheological and mechanical properties of nanocomposite thin

films. The films consisted of a standard epoxy (MY0510) reinforced

with different types of single-walled carbon nanotubes (produced

by laser and plasma-based techniques, and functionalized with

alkoxy and carboxyl groups). A low viscosity during cure was cor-

related with improved mechanical properties in thin-film form.

This correlation is attributed to the enhanced ease of processing

due to the reduced viscosity of these specimens. The SWCNT pro-

duced using the laser process exhibited a length to diameter aspect

ratio exceeding 10,000. In comparison, the aspect ratio of the

SWCNT obtained from the plasma process was �1000. The former

is considerably more difficult to disperse in the epoxy matrix than

the latter. Specimens with nanotube loadings of up to 1% were pro-

cessed into thin films using the plasma SWCNT in an epoxy matrix.

The elastic modulus of this material increased by 24% in compari-

son with the neat epoxy. This improvement is consistent with

expectations based on micromechanical analysis using the Mori–

Tanaka theory.
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