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Abstract

Carbon nanotube (CNT) based epoxy composites have been fabricated and were subjected to different tem-

perature conditions. Flexural moduli and hardness of all samples were determined. The resulting composites demonstrated
enhanced physical properties due to the addition of high strength CNTs. Effect of temperature on mechanical properties of
composites has been examined microscopically by SEM through fracture surface. Results confirmed that nanocomposites
pretreated with hot water are found to be tough and those treated in liquid nitrogen are brittle. Uniform distribution of
CNTs in the matrix and bridging of crack initiation by CNTs contribute to maintain structural integrity under variable tem-

perature.
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1. Introduction

The discovery of carbon nanotube (CNT) has promoted
research in many different areas out of which the most in-
triguing applications of CNT is the polymer/CNT nano-
composites[1-5]. The high mechanical, electrical and ther-
mal property of CNT makes them ideal candidate as fillers in
lightweight polymer composite[6]. Nanotube-reinforced
polymer composites have become attractive structural ma-
terials not only in the weight-sensitive aerospace industry,
but also in the marine, armor, automobile, railway, civil
engineering structures, and sporting goods industries be-
cause of their high specific strength and specific stiffness.
Different nanocomposites have been synthesized by incor-
porating carbon nanotubes into various polymer matrices,
such as polyamides[7], polyimides[8—10], epoxy[11], poly-
urethane[12—-13] and polypropylene[14—16]. Epoxy resin is
most often used as the polymer matrix with reinforcing
nanotubes for advanced composite applications. The resins
of this class have good stiffness, specific
strength,dimensional stability and chemical resistance, and
show considerable adhesion to the embedded fiber[17].
Because micro-scale fillers have successfully been synthe-
sized with epoxy resin[18—21], nanoparticles, nanotubes, and
nanofibers are now being tested as filler material to produce

* Corresponding author:

smrutisikha_bal@yahoo.com (S. Bal)

Published online at http://journal.sapub.org/materials

Copyright © 2011 Scientific & Academic Publishing. All Rights Reserved

high performance composite structures with enhanced
properties[22-24].

For aerospace applications, nanotube reinforced compos-
ites must be able to survive in extremely low temperature
conditions without any structural degradation. Besides, in-
crease in temperature may catalytically enhance the chemical
reaction between the nanotubes and polymer in nanocom-
posites. Studies on micromechanical properties and fracture
surface of nanocomposites pretreated in different conditions
have been reported[25], where low hardness and flexural
strength obtained in case of CNT/epoxy composites in
comparison to pure epoxy samples. The comprehensive
understanding of the fracture behaviour and crack propaga-
tion in nanocomposites is significant regarding the per-
formance under practical conditions. The enhancement of
toughness in composites was demonstrated by modifying
polymer with multiwall carbon nanotube (MWNT) that
explains nanotube bridging phenomenon[26]. This bridging
mechanism of nanotubes reduces the growth of nano-pores
as well as the crack propagation in the composite that con-
tributes positively to fracture toughness. The effect of the
stiffness of epoxy matrix to the reinforcement role of carbon
nanotubes was evaluated by controlling the curing proc-
ess[27]. So maintaining the structural integrity under vari-
able temperature conditions has become an important issue
for CNT based nanocomposites. Keeping in view of the
above facts, in the present investigation ductile ep-
oxy/MWNT composite has been fabricated for the first time
following refrigeration method. The ductile nanocomposites
had shown improved mechanical and electrical properties
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that is reported in[28]. In this work, the nanocomposites
were pretreated under ambient, sub ambient (cryogenic) and
intermediate temperatures. Flexural and hardness tests were
performed to evaluate mechanical performances of those
samples. Microscopic approaches were used to investigate
the material’s fracture behavior and filler dispersion
mechanisms.

2. Experimental Methods

2.1. Materials

MWNTs used in this study for the preparation of nano-
composites were obtained from MER corporation, USA.
They were produced by arc plasma method (purity 95%,
length 1-5 um and diameters 20-70 nm). SEM morphology
of the products (Figure 1) was carried out with a "JEOL
JSM-6480 LV Scanning Microscope". Epoxy polymer ma-
trix was prepared by mixing epoxy resin (Ciba-Geigy, aral-
dite LY-556 based on Bisphenol A) and hardener HY-951
(aliphatic primary amine) in wt. ratio 100/12. Epoxy resin
(5.3-5.4 equiv/kg) was of low processing viscosity and good
overall mechanical properties.

2.2. MWNT/Epoxy Composite Preparation

In the present work nanocomposites were prepared by
taking very low loading of MWNTs (0.2 wt%) in the epoxy
resin. The MWNTSs were first dispersed in ethanol solution
under manual stirring in order to optimise the dispersion.
After complete evaporation of ethanol, the obtained MWNT
powder was added to the epoxy resin and sonicated for 2 hrs
at room temperature. Further, hardener was added to this
epoxy/ MWNT mixture and sonicated for 15 min. Then one
part of the mixture was allowed to set in room temperature
and another part was set under refrigeration condition. Re-
frigeration facilitates in preparing ductile samples by in-
creasing settling time of the mixture in comparison to room
temperature. Pure resin samples without adding carbon na-
notubes were also fabricated in the same method as above for
comparison purpose. All composite samples along with resin
samples were cured for 5 hrs at 80°C in an oven.

The prepared samples were cut according to the me-
chanical test (flexural & hardness) configuration and then
treated at different environmental conditions for 24 hrs, these
were: (a) room temperature (20 °C), (b) hot water (80 °C) and

(c) in the cryofreezer at liquid nitrogen (-180 °C) temperature.

The pure resin samples were named as R, (treated at room
temp.), Hy (treated in hot water), C, (treated in cryofreezer)
and the corresponding ductile samples were named as DRy,
DH, and DC,.. Identification of epoxy/ MWNT nanocom-
posites is done as: R; (room temp.), H; (hot water), C,
(cryofreezer). The corresponding ductile nanocomposites
samples were designated as DR, DH; and DC;.

2.3. Flexural Test

Five rectangular specimens from each sample were taken
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for three-point bend test as per ASTM D790 (width=2.7cm,
thickness=0.7cm, span=11.2cm, length=12cm) and sub-
jected to different temperature conditions. The flexural test
was conducted immediately once the beams were picked up
from the specified environments. The tests were carried out
at ambient temperature using Instron 1195 keeping the
cross-head speed 2 mm/min. Flexural modulus of each
sample was determined from the average value of five
specimens.

Figurel.

SEM of Multiwall carbon nanotubes (MWNTs).

2.4. Hardness of Nanotube Composites

The hardness of all nanotube composites was measured
using a micro-hardness tester. A total of 10 points on each of
the nanotube composites were measured in order to get av-
erage readings. The unit and magnitude of the hardness are
defined by Vickers hardness and determined by measuring
the average diagonal length of the indentation. Hardness of
each sample was determined from the average value of five
specimens.

2.5. Surface Topography Characterization

Scanning electron microscope (Jeol JSM-6480 LV) was
used to conduct the dispersion behaviour and fracture surface
topography characterization. After mechanical test fracture
surfaces were coated with a thin platinum layer.
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3. Results and Discussion

3.1. Flexural Measurements

Flexural modulus of pure resin & its CNT composite and
ductile resin & its nanocomposite samples were found to be
Ry, 24.52; Ry, 136.86; DRy, 44.15; DR, 176.38 MPa.

As shown in Figure 2, increase in flexural modulus was
more pronounced in samples treated in hot water (Hy, 49; H;,
148.8; DH,, 64; DH; 210 MPa) in comparison to samples
treated in cryofreezer (Cy, 33; C;, 140.2; DCy 36; DC, 159.3
MPa). All the composite samples i.e. R;, DH,, C; & DC,
were showing greater modulus than pure resin samples that
is attributed to the high mechanical strength of CNT. The
results of the ductile/ refrigerated samples were showing
variable behaviour. Ductile sample treated in hot water (DH,)
showed the modulus to be 210 MPa which is 9 times of resin
sample R,. This may be due to the reason that at high tem-
perature the filler can constrain the mobility of polymer
chains as well as their relaxation spectra[29], which can
change the glass transition temperature[29, 30] and modulus
of the matrix. The ductile composite samples after sub-
merged into liquid nitrogen (DC,and DC,) revealed reduc-
tion in flexural modulus in comparison to room temperature
treated samples (Dyand D). The cause of reduction was may
be due to contraction of the matrix, which increased the
clamping stress to the nanotube surface, and thus increased
the frictional force between the nanotubes and the matrix.

Flexural Test
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Figure 2. Flexural moduli of resin as well as composite samples placed in
different environment.

3.2. Hardness of Nanotube Composites

A considerable enhancement of hardness was observed
(Figure 3) by conditioning the nanocomposites in different

temperature environments.
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Figure 3. Hardness of nanotube composites and their ductile ones.

Hot water treated composites (H;) was showing hardness
value of 15 MPa which was 25% more than the value ob-
tained for room temperature composite (R;). In case of cry-
ofreezer treated sample (C;), 12.5% enhancement in hard-
ness was observed compared to that of Ry. (DC,) and (DC;)
were showing 50% increments in hardness i.e. 18 MPa.
Maximum hardness of 22 MPa was found in case of ductile
sample (DH,) which is 83% more than hardness of sample
(Ry). It has been reported that reinforcement of high strength
nanotube contributes to an increase in hardness while re-
duction in hardness is attributed to presence of microvoids
during fabrication of composites[31]. Hardness results
agreed well with flexural test results with the confirmation
that ductile samples had improved mechanical properties
than room temperature settled samples. Low temperature
offers delay in the settling procedure that ultimately has an
impact on the matrix structure and crosslinking ratio and by
this way the molecular motions. So the analysis of failure
mechanisms with microstrutural examination is necessary
for the ductile samples.

3.3 Fracture Surface Analysis

The investigation of the fractured surfaces to analyse the
micro deformation and crack propagation mechanism has
been carried out using scanning electron micrograph (SEM).

The micrographs (Figure 4 — Figure 8) corresponding to
ductile nanocomposites treated in room temperature, hot
water and liquid nitrogen temperature (DR, DH; and DC;)
are presented.

DH, (Figure 4b) exhibited a relatively smooth fracture
surface than DR, (Figure 4a) while DC, (Figure 4c) indicated
a typical fractography feature of brittle fracture behavior,
thus accounting for the low fracture toughness. The distance
between two cleavage steps in DR, (Figure 5a) was about
23-32 um and the cleavage plane between them was flat and
featureless. The fracture surfaces of the nanocomposites DH;
& DC, show considerably different fractographic features.
For example, the failure surfaces of the nanocomposite were
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rougher with the hot and cold conditioning (Figure 5 b&c).
The higher magnification SEM picture showed that the size
of the cleavage plane decreased to 14-18 um in case of DC,
and 6-15 pm in case of DH;. The decreased cleavage plane
and the increased surface roughness imply that the path of
the crack tip was distorted making crack propagation more
difficult.
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Figure 4. Fracture surface of ductile composite samples (a) DR1, (b) DH1
and (c) DCI1.
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Figure 5. Cleavage plane of ductile composite samples (a) DR1 (b) DH1
(c) DCL.

The resultant failure mechanism of the MWNT/epoxy
interface was analysed by observing the crack propagation
regions within the composite. In DR; & DC;, an agglom-
eration of several carbon nanotubes (Figure 6a &c), was
observed in the fracture surface near the crack region, though
the crack features were different in both the cases showing
smaller cracklengths in case of DC,. At a low stress level, the
agglomerated particle increases the stiffness of the material,
but at a high stress level, the stress concentration caused by
the agglomerated particle initiates a crack, which makes the
sample fail quickly[32].

Some nanotubes were observed to be pulled out which
might be the result of a poor interfacial bonding between the
nanotubes and matrix. Therefore, the nanotubes inside the
composites could not take up the load, which resulted in the
decrease of flexural strength of the nanotube composite
beams[33]. However in DH,; (Figure 6b), the surface was
seen to undergo less intensive fracture (with smaller crack
lengths) with numerous cracks. Higher magnification
showed (Figure 7a) a crack interacting with the nanotube
reinforcement. MWNT matrix pullout was observed along
with extension and bridging of MWNTSs across the crack
(Figure 7b). In some area, a single MWNT was seen to be
traced from one side of the polymer matrix into the other side
by bridging the crack (Figure 7c).

Here, the cracks were spanned by the nanotubes causing
enhanced resistance to the crack propagation process. The
bridging of the nanotubes as a mechanism of inhibiting the
crack initiation in polymer and ceramic based nanocompo-
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sites has been well illustrated in literature[34, 35-37, 38]. A
more thorough study on the evaluation of surface roughness
is necessary and the toughening mechanisms should be fur-
ther investigated in future works.

SEA e gt S Figure 7. Crack features in hot water ductile composite sample DH;: (a)
carbon nanotube inside a crack (b) bridging of crack by MWCNT (c) ex-
tension of a single MWCNT over the crack.

Figure 6. Crack features of ductile carbon nanotube composites (a) DR, (b)
DH, (c) DC;.
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(©)
Figure 8. Distribution of CNTs in ductile carbon nanotube composites (a)
DR, (b) DH; (¢) DC;.

Figure 8 shows SEM images of the distribution of nano-
tubes in fracture surface of ductile composite samples DR}
DH; and DC, where MWNTs distribution observed to be
very heterogeneous. Composite fracture surface of DR,
(Figure 8a) showed coexistence of large areas with and
without MWNTSs, whereas in composites DH; relative uni-
form distribution was observed (Figure 8b) and a slight brit-
tleness in case of DC; was observed (Figure 8c). It is clearly
visible that the nanotubes within these zones were not bun-
dled but had a curly shape. They might be poorly distributed
but were well dispersed inside the epoxy matrix.

4. Conclusions

All the composite samples demonstrated enhanced me-
chanical properties than pure resin samples that is attributed
to addition of high strength nanotubes. Ductile composite
samples treated in hot water at 80°C showed more improved
modulus due to restriction in the mobility of polymer chains.
SEM of fracture surface of these samples revealed better
dispersion of CNTs in comparison to corresponding room
temperature and cryofreezer samples supplementing the
mechanical test results. Investigation of tough fracture sur-
face of those materials revealed that narrower crack-tips
underneath the advancing cracks were more efficiently
bridged by the nanotubes resulting in an increased resistance
against crack propagation. Reduction in flexural modulus
and hardness value in other nanocomposites was due to
formation of agglomerates of nanotubes inside polymer
matrix. The fracture surface of the composite material
pre-treated in liquid nitrogen was brittle in nature where
CNTs were distributed near the crack. So in those cases
failure occured quickly due to which flexural modulus de-
creased. This study demonstrated that the nanocomposites
that were prepared by low temperature settlement and then
treated in hot water found to be structurally more stable
under different temperature conditions.
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