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ABSTRACT: A sonochemical technique is used for in situ
coating of iron oxide (Fe;0,) nanoparticles on outer surface
of MWCNTs. These FezO,/MWCNTs were characterized
using a high-resolution transmission electron microscope
(HRTEM), X-ray diffraction, and thermogravimetric analy-
sis. The as-prepared Fe;O,/MWCNTs composite nanopar-
ticles were further used as reinforcing fillers in epoxy-based
resin (Epon-828). The nanocomposites of epoxy were pre-
pared by infusion of (0.5 and 1.0 wt %) pristine MWCNTs
and Fe;0,/MWCNTSs composite nanoparticles. For compar-
ison purposes, the neat epoxy resin was also prepared in the
same procedure as the nanocomposites, only without nano-
particles. The thermal, mechanical, and morphological tests

were carried out for neat and nanocomposites. The com-
pression test results show that the highest improvements in
compressive modulus (38%) and strength (8%) were
observed for 0.5 wt % loading of Fe;O,/MWCNTs. HRTEM
results show the uniform dispersion of Fe;O4/MWCNTs
nanoparticles in epoxy when compared with the dispersion
of MWCNTs. These Fe;O04/MWCNTs nanoparticles-infused
epoxy nanocomposite shows an increase in glass transition
(T,) temperature. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci
116: 2783-2792, 2010
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INTRODUCTION

Wide-spread applications of polymer nanocomposite
materials have created a new opportunity for the de-
velopment of high performance, smart, and multi-
functional nanocomposites materials. Recently, nano-
composites have shown significant improvements in
their mechanical properties. However, the advance-
ment of synthetic methods for developing new types
of nanofillers in the last 15 years has sparked an op-
portunity for the development of multifunctional
nanocomposite materials. For example, the nano-
composites with controllable magnetic properties
could lead to many advanced applications. Magnetic
nanoparticles have shown a variety of unusual mag-
netic behaviors when compared with the bulk mate-
rials, mostly because of surface/interface effects.'
Magnetic nanocomposites have potential applica-
tions in various areas, such as magnetic recording,
magnetic data storage devices, toners and inks for
xerography, and magnetic resonance imaging.>’
Studies in this research area with the focus being
aimed on magnetic CNTs are rapidly expanding.
The applications of multiwalled carbon nanotubes
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(MWCNTs) as fillers in different materials have been
ever increasing since their discovery.* As the CNTs
exhibit record high Young’s modulus and good
elasticity,”® they are expected to find effective use as
reinforcements in composite materials. Many studies
on CNTs/polymer composites have revealed
that good dispersion”'” and strong interfacial bond-
ing'>"? between CNTs and polymer matrix result in
strong reinforcement of the polymers. The potential
enhancements in the properties of CNTs/polymer
nanocomposites have not been fully realized because
of several facts. First, CNTs have a nonreactive sur-
face. Second, they lack interfacial bonding with vari-
ous matrices and can be poorly disperse within
those matrices.'” Third, they have very low solubil-
ity in most of the solvents.

Therefore, decoration of CNTs with metal or metal
oxides can improve the dispersion of CNTs in sol-
vents'* or reveal new optical, electric, and magnetic
properties of CNTs.' ™ Many efforts have been
devoted to decorate CNTs with diverse organic com-
pound by the covalent attachment, polymer wrapping
and surfactant treatment by noncovalent attachment."
Various CNT-based composites have been derived
from decorating CNTs with metals, metal oxides, and
semiconducting nanoparticles.”*>>> The resultant CNTs
derivations show promising features for nanoelectric,
magnetic, adsorption, optical, and mechanical proper-
ties compared with pristine CNTs."

Metal or metal oxide nanoparticles (~ 10 nm) are
easy to deposit on MWCNTs (diameter of ~ 20 nm)
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and MWCNTSs can be used as carriers.***> To obtain
anemometric dimensions in metallic elements, sev-
eral techniques have been adopted, that is, arc dis-
charge, evaporation, sputtering, and sonochemical
method.”*” Within the last 10 years, sonochemical
processing has served as a useful method to produce
metal or metal oxide nanoparticles with novel prop-
erties. Sonochemistry arises from the acoustic cavita-
tion phenomenon, that is, the formation, growth,
and implosive collapse of bubbles in a liquid me-
dium. Extremely high temperature (>5000 K), pres-
sure (>20 MPa), and very high cooling rates (109 K/
S)*® attained during cavitation collapse lead to many
unique properties in the irradiated solution. This
method has proven to be one of the best methods to
fabricate nanomaterials because of its versatility.
There are four reasons why. First, this process can
be used for the preparation of amorphous products.
Second, this method can be used for insertion of
nanomaterials into mesoporous materials. Third, the
formation of pertinacious micro and nanospheres;
and finally, this process allows the deposition of
nanoparticles on ceramic and polymeric surfaces.”
For example, a sonication of volatile precursors in a
nonvolatile solvents yields amorphous nanoparticles.
This is due to the high cooling rates that prevent the
crystallization of the sonication products.”® While
using this method, the reactivity of metal powders
can increase by more than 100,000 times. Sonochem-
istry can drive metal particles together at such high
speeds that they melt at the point of collision, and
ultrasound can generate microscopic flames in cold
liquids.31‘33 In the ultrasonic reaction vessel, sound
waves from the transducer radiate through the solu-
tion in the tank and cause alternating high and low
pressures in the solution. During the low pressure
stage, millions of microscopic bubbles form and
grow in a process call cavitation. During the high
pressure stage, the bubbles collapse or implode,
releasing enormous amount of energy. These implo-
sions work in all directions, attacking every surface
and all recesses and openings. Many research
groups have used ultrasound irradiation techniques
in the synthesis of iron oxide (Fe;O,)-based nano-
composites.** Zhang et al. developed a method to
synthesize monodispersed Fe;O, nanoparticles in the
range of 5-20 nm by ultrasonic method at low tem-
perature and high surfactant concentration.® Hiu-
quen et al. use SDBS modification on the MWCNTs
to attach metal ions to the surface by using ammonia
solution which facilitates dispersion. By using an
ammonia solution, they found it keep positive ion
impurities out of the system.>*” We have also syn-
thesized the super paramagnetic Fe;O, nanoparticles
using sonochemical technique.*®* In this study, a
similar sonochemical technique is adapted to in situ
synthesize of Fe;O, nanoparticles in the presence of
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MWCNTs and a surfactant. These coated FezO,/
MWCNTs were further infused into the epoxy-based
resin system using a noncontact defoaming (Thinky)
mixer. In this technique, the material container is set
at 45° angle inside the mixer and revolves and
rotates at high acceleration with the speed of ~ 2000
rpm, dual centrifugal forces were given to the con-
tainer that keep pressing materials to outward and
down along with the slope of inner wall of the con-
tainer and accomplish powerful mixing and remov-
ing air pockets formed in the reaction mixture simul-
taneously. This technique is noncontact and
nonreactive unlike ultrasound and other mixing
techniques.**™* The thermal and mechanical proper-
ties of Fe;04/MWCNTs/epoxy systems will be pre-
sented in this article.

EXPERIMENTAL
Materials

The multiwalled carbon nanotubes (10-20 nm in di-
ameter and 0.5-20 pm in length) were purchased
from Nanostructured and Amorphous Materials.
The two-part epoxy resin Epon-828 was purchased
from Miller-Stephenson Chemical, USA. Iron (II) ace-
tate dihydrate and cetyl trimethyl ammonium bro-
mide (CTAB) were purchased from Sigma-Aldrich
Chemicals, USA.

Coating and characterization of magnetite
nanoparticles on MWCNTs

One gram of iron acetate, 500 mg of cetyl trimethyl
ammonium bromide (CTAB, a surfactant), and 1 g
of MWCNTs were taken in a 100 mL of double dis-
tilled water and irradiated with high-intensity ultra-
sonic horn (Ti-horn, 20 kHz, 100 W/ Cm2) for 3 h at
10°C under argon flow at 50% of amplitude.’®** The
reaction product was thoroughly washed with dou-
ble distilled water followed by ethanol. Finally, the
products were centrifuged at 10,000 rpm and vac-
uum dried overnight at room temperature.

Characterization

X-ray diffraction. X-ray diffraction (XRD) analysis
was carried out to study the effect of Fe;O, coating
on MWCNTs using a Rigaku D/MAX 2200 X-ray
Diffractometer. The XRD samples were prepared by
uniformly spreading Fe;O, or Fe;O4/MWCNTs
powder on a quartz sample holder. These XRD tests
were conducted at room temperature from 10° to 80°
of two thetas.

Transmission electron microscopy. A high-resolution
transmission electron microscopy (HRTEM) has been
performed on Fe;O,/MWCNTs nanoparticles, 0.5 wt
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% of MWCNTs/Epon-828, and 0.5 wt % of Fe;0,/
MWCNTs/Epon-828 using a JOEL-2010. Energy dis-
persive spectroscopy (EDS) was also carried out
using oxford EDS-spectrometer on JEOL 2010 TEM.
The samples for HRTEM were prepared by disper-
sion of Fe;O,/MWCNTs nanoparticles in ethanol
and placed a drop of solution on a copper grid (cop-
per grid-200 mesh) and dried in air, then used for
HRTEM/EDS analysis. The 0.5 wt % of MWCNTs/
Epon-828 and 0.5 wt % of Fe;04/MWCNTs/Epon-
828 nanocomposite samples were prepared using a
Leica EM UC6 microtome and tested for HRTEM/
EDS analysis.

Thermal analysis. Thermogravimetric analysis (TGA)
of MWCNTs and Fe;O4-coated MWCNTs were car-
ried out under nitrogen and oxygen gas atmospheres
on a Mettler Toledo TGA/SDTA 851° apparatus
from 30 to 800°C at a heating rate of 10°C/min.
The weight of samples used for TGA tests was
~ 10-20 mg.

Preparation and characterization of
MWCNTs/epoxy nanocomposites

Preparation

Before curing, the epoxy resin was mixed with
known weight percentages of MWCNTs (0.5 and 1
wt %) using a Thinky hybrid defoaming mixer ARE-
250 for 10 min. A stoichiometric amount (26 wt %)
of the curing agent (epicure W) was added to the
reaction mixture containing epoxy and MWCNTs or
Fe;04/MWCNTs and mixed for another 10 min. The
mixture was degassed using a vacuum oven for 30
min, and the final reaction mixture was transferred
into a stainless steel mold for curing. The epoxy
resin with and without MWCNTs or Fe;O4 nanopar-
ticles were cured at 120°C for 2 h and postcured for
2 h at 150°C in an oven.

Thermal analysis (DSC)

Differential scanning calorimetry (DSC) experiments
were carried out using a Mettler Toledo DSC 822°
from 30 to 300°C at a heating rate of 10°C/min
under nitrogen atmosphere.

Dynamic mechanical analysis

The DMA studies of neat Epon-828 and the nano-
composite samples were carried out using a TA
Instruments DMA 2980 in the single cantilever
mode. The strain amplitude of 10 um and an oscilla-
tory frequency of 1 Hz were used. The samples were
ramped from room temperature to 200°C using a
ramp rate of 3°C/min in air. The storage modulus
was measured. The width of the samples was
12 mm, and the span length to thickness ratio was

10. The test was carried out according to ASTM D
4065-01.

Scanning electron microscopy

SEM studies were carried out to study the micro-
structure of neat Epon-828, 0.5 wt % of uncoated
MWCNTs, and 0. 5 wt % of Fe;O4-coated MWCNTs.
The SEM samples were prepared using a precisely
cut sample and placing on a sample holder using a
silver paint. The samples were coated with gold pal-
ladium to prevent the charge buildup by electrons.
Sputtering was done using Hummer 6.2 to coat the
samples. Resulting samples were analyzed using a
JEOL JSM 5800.

Mechanical characterization

Mechanical tests were carried out to determine the
compressive and flexural properties of neat Epon-
828 and nanocomposite systems. The compression
specimens were prepared according to an ASTM
standard C365-57 (size 12.7 mm width and 25.4 mm
in length). The specimens were tested using a servo-
hydraulically controlled Material Testing System
MTS-810 with the capacity of 100 kN. The tests were
carried out in displacement control mode at a cross-
head speed of 1.27 mm/min. To maintain evenly
distributed compressive loading, each specimen was
sanded and polished so that the opposite faces were
parallel to each other. The load and crosshead dis-
placement data were recorded using Test Ware-SX
software, which also controlled the test conditions.
The load-deflection data recorded by the data acqui-
sition system were then converted to stress—strain
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Figure 1 X-ray diffraction patterns of (a) as-received
MWCNTs, (b) as-prepared Fe;O4 nanoparticles, and (c) as-
prepared Fe;O,/MWCNTSs nanoparticles. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 2 TEM micrographs of (a) pristine MWCNTs, (b) Fe;O4 nanoparticles coated on MWCNTs, and (c) high-resolu-

tion TEM of Fe;0, coated on MWCNTs.

curves. Flexural specimens were prepared according
to ASTM standard D 790-01. The specimens were
tested using Zwick/Roell Material Testing Machine.
The load cell used on the Zwick/Roell machine is ~
2.5 kN. The test was carried out in displacement
control mode and the crosshead speed was 2 mm/
min. TestXpert software was used to analyze the
load-deflection data recorded by the data acquisition
system.

RESULTS AND DISCUSSION
XRD analysis

Figure 1(a) shows the XRD pattern of the pristine
MWCNTs. It can be seen that the diffraction peaks
at 20 = 26° and 43° are assigned to (002) and (110)
planes of MWCNTs, respectively. The XRD pattern
of as-prepared Fe;O, nanoparticles is shown in Fig-
ure 1(b). All the diffraction peaks of Figure 1(b) are
assigned to the Fe;O, nanoparticles, and they match
very well (JCPDS card No. 19-0629) of magnetite.
Figure 1(c) represents the XRD pattern of the 0.5 wt
% of Fe;O4/MWCNTs. The characteristic peaks of
MWCNTs and Fe;O, still exist with low intensity
peaks at the same 20 angles. No peak shift was
observed. It should be noted that the peak intensities
of MWCNTs decrease after coating with Fe;O4 nano-
particles on MWCNTs. These results indicate that
the Fe;O4 nanoparticles are coated on MWCNTs.
Similar results were also observed by other
researchers.’

TEM studies

TEM Studies have been carried out to understand
the extent of Fe;O,4 coating on MWCNTs. Figure 2(a)
shows the TEM picture of the pristine MWCNTs.
The particles sizes measure from the figures are
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~ 10-20 nm in diameter and 0.5-2 pm in length. The
pristine  MWCNTs are entangled with minimal
agglomeration. Figure 2(b) represents the TEM
micrograph of Fe;O; nanoparticles coated on
MWCNTs. The micrograph clearly shows that the
Fe;04 nanoparticles are uniformly coated all over
the MWCNTs. To estimate the Fe;O, nanoparticle
sizes, a high-magnification micrograph was taken
and presented in Figure 2(c). This micrograph
clearly shows that the particle sizes are ~ 2-5 nm in
diameter, spherical in shape, and particles are well
attached on the surface of MWCNTs.

Figure 3 TEM micrographs of (a) pristine MWCNTs dis-
persion in Epon-828, (b) Fe;O, nanoparticles coated on
MWCNTs dispersion in Epon-828, and (c) EDS micrograph
showing Fe;O, nanoparticle on MWCNTs in Epon-828 ep-
oxy. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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Figure 4 Thermogravimetric analysis (TGA) of pristine MWCNTs and Fe;O4-coated MWCNTs in air and nitrogen atmos-
pheres. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

TEM studies were also carried out to study the
dispersion of MWCNTs and Fe;O,/MWCNTs in the
Epon-828 resin. The TEM micrographs of nanocom-
posite samples of 0.5 wt % MWCNTs/Epon-828 and
0.5 wt % Fe;O,/MWCNTs/Epon-828 are presented
in Figure 3(a,b), respectively. Figure 3(a) shows that
the MWCNTs are well dispersed in the Epon-828
resin. As seen in micrograph [Fig. 3(a)], the
MWCNTs are completely covered with resin and
particles. They are well dispersed in the Epon-828
resin when compared with the pristine MWCNTs
[Fig. 2(a)]. The dispersion of Fe;O4-coated MWCNTs
in Epon-828 resin is shown in Figure 3(b). This fig-
ure clearly shows that the Fe;Oj-coated MWCNTs
are well dispersed over the entire volume of the
Epon-828 resin with no agglomeration. In this micro-
graph, we can also see that the Fe;0, nanoparticles
adhere on the MWCNTs after dispersion in the
Epon-828 resin. This clearly shows that the noncon-
tact mixing method is efficient in mixing the coated
nanoparticles in Epon-828 resin. To confirm the coat-
ing of Fe;O4 nanoparticles on MWCNTs, the EDS
analysis was carried out and the results are pre-
sented in Figure 3(c). These results show the pres-

ence of Fe, O, and C elements at nanoscale. The Cu
peaks are assigned to the copper grid.

TGA analysis

The TGA graphs are shown in Figure 4 and the
results are summarized in Table I. They illustrate
the decomposition behavior of the pristine and
Fe;04-coated MWCNTs in air and nitrogen atmos-
pheres. When these samples are heated in air up to
800°C from 30°C, the pristine and Fe;O4-coated
MWCNTs decompose differently. The pristine

TABLE I
TGA Analysis of Pristine and Magnetite-Coated
MWCNTs in Oxygen (O,) and Nitrogen (Ny)

Atmospheres
Major
(%) Residue decomposition
Sample at 800°C Temperature
Pristine MWCNTs-N, 77 710
Pristine MWCNTs-O, 10 610
MWCNTS-F@304-N2 62 724
MWCNTs-Fe;04-O, 32 430

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 DSC curves of neat Epon-828 and nanocompo-
site systems. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

MWCNTs decompose at ~ 610°C, where as the
Fe;04-coated MWCNTs decompose at ~ 430°C. The
Fe;04-coated MWCNTs decomposed ~ 180°C earlier
than the pristine MWCNTs in the presence of nitro-
gen. The possible reason for the early decomposition
of MWCNTs in the presence of the Fe;O, nanopar-
ticles is that the Fe;O, nanoparticles may act as a
catalyst to foster a faster decomposition rate. On the
other hand, when these samples were heated in a
nitrogen atmosphere, the major decomposition was
at 710°C for pristine MWCNTs and 724°C for Fe;O,-
coated MWCNTs. The FesO4-coated MWCNTSs
decomposed ~ 14°C later than the pristine
MWCNTs. These results clearly show that the
decomposition behavior of pristine MWCNTs and
Fe;O4-coated MWCNTs are quite different in the
presence of air and nitrogen atmospheres. The cata-
lytical decomposition of MWCNTs in the presence
of air and Fe;0O;, is at lower temperature than in the
nitrogen and Fe;O, nanoparticles. To estimate the
percentage coating of Fe;O, nanoparticles on
MWCNTs, the mass of the residue at 800°C was esti-
mated from the TGA data in the presence of air and
nitrogen. These residues masses by weight percent-
age are presented in Table I. The difference in the
residue of MWCNTs (10 wt %) and Fe;O4-coated
MWCNTs (32 wt %) in the presence of air is about

TABLE II
DSC Analysis of Neat Epon-828 and Nanocomposite
Systems
Sample Glass transition T,
Neat Epon-828 105
0.5% Pristine MWCNTs/Epon-828 144
1% Pristine MWCNTs/Epon-828 137
0.5% Fe;0, MWCNTs/Epon-828 152
1% Fe;04 MWCNTs/Epon-828 153

Journal of Applied Polymer Science DOI 10.1002/app

20 wt %. These results are within the limits of exper-
imental errors calculated from the yield of Fe;O4
nanoparticles synthesized without MWCNTs.

DSC analysis

DSC analyses were carried out to study the effect of
magnetite nanoparticles-coated MWCNTs infusion in
Epon-828 nanocomposite materials by measuring the
T,. Figure 5 depicts the DSC curves of all five systems
and the results are summarized in Table II. All the
samples were cured at 120°C for 2 h and postcuring
at 150°C for another 2 h. The T,s determined as the
inflection points of the heat flow curves.*** These
results suggest that the T, has increased by 39°C from
neat epoxy to 0.5 wt % MWCNTs system. This
increase in T, is due to the presence of MWCNTSs,
usually T, increases with increasing crosslinking den-
sity of epoxy resins because of the restriction in mo-
lecular chain mobility imposed by crosslinking.**¢
This effect can be understood in terms of decreasing
free volume.*” In the contrary, in Figure 5(c), the T, of
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Figure 6 DMA of the neat Epon-828 and nanocomposite
systems. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 7 DMA rubbery plateau region of neat Epon-828
and nanocomposite systems. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

1 wt % MWCNTs system has decreased when com-
pared with the 0.5 wt % of MWCNTSs/Epon-828 com-
posite. The reason for this decrease in T, could be the
start of agglomeration of MWCNTs in Epon-828 ep-
oxy resin. With relatively higher loading (1 wt % of
MWCNTs), the number of particles are surely high
because of their nanosize and extremely low density,
and it becomes more and more difficult to disperse
uniformly. Once the particles start to agglomerate, the
interaction is more between the particles rather than
the particle and the polymer. We believe at that stage,
the particles begin to act as impurities in the bulk
polymer. Also, we believe that the volume of the
agglomerated particle is much larger and it can no
longer occupy the free space. The agglomerated par-
ticles cannot, therefore, impose any restrictions on mo-
lecular mobility. On the other hand, the lumped par-
ticles can reduce the crosslinking density of the
polymer and lower the T, if we further increase the
loading of MWCNTs. Where as the Figure 5(d), the T,
of Fe;O,-coated MWCNTs/Epon-828 system has fur-
ther increased (9°C) when compared with the 0.5 wt
% MWCNTs-infused Epon-828. The reason for this
increase in T, could be the increase in dispersion of
MWCNTs resulted in an increase in the crosslinking

TABLE IV
DMA Results of the Storage Modulus in Rubbery
Plateau Region

Storage modulus

Sample (MPa)
Neat Epon-828 14.9
0.5% Pristine MWCNTs/Epon-828 23.0
1% Pristine MWCNTs/Epon-828 29.7
0.5% Fe;0, MWCNTSs/Epon-828 26.9
1% Fe;04 MWCNTs/Epon-828 28.4
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Figure 8 Compression stress-stain curves of (a) neat Epon-
828, (b) 0.5 wt % of pristine MWCNTs/Epon-828, (c) 1 wt % of
pristine MWCNTs/Epon-828, (d) 0.5 wt % of Fe;O4-coated
MWCNTs/Epon-828, and (e) 1 wt % Fe;O4-coated MWCNTSs/
Epon-828. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com. ]

of Epon-828 in the presence of Fe;O, nanoparticles.
These results clearly suggest that coating of magnetite
nanoparticles on MWCNTs increases their dispersion
in Epon-828 resin. These results are consistence with
our earlier results,*®**° and also the DMA results indi-
cate the increase in crossliking for magnetite-coated
MWCNTs in Epon-828.

Dynamic mechanical analysis results

DMA studies were conducted to measure the
storage modulus® and the results are presented in
Table III and shown in Figure 6. These results clearly
indicate that the addition of 1 wt % of MWCNTs

0.12 4

-
” -

.08 4

0.06

Stress (GilPa)

(a) Neat Epon-828
(b) 0.5% Pristine MWCNTs/Epon-828
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0 .
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Figure 9 Flexural stress-stain curves of (a) neat Epon-
828, (b) 0.5 wt % of pristine MWCNTs, (c) 1 wt % of pris-
tine MWCNTs, (d) 0.5 wt % of Fe;O4-coated MWCNTSs/
Epon-828, and (e) 1 wt % Fe;04-coated MWCNTs/Epon-
828. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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TABLE V
Quasi-Static Compression Properties of Neat Epon-828
and Nanocomposite Systems

Ultimate Compressive
Sample stress (GPa) modulus (GPa)

Neat Epon-828 0.106 1.67

0.5% Pristine 0.107 2121
MWCNTs/Epon-828

1% Pristine 0.105 2.026
MWCNTs/Epon-828

0.5% Fe304 0.112 2.436
MWCNTs/Epon-828

1% Fez0y4 0.115 2.306

MWCNTs/Epon-828

and 1 wt % of Fe;O4-coated MWCNTs has signifi-
cant effect on the storage modulus. The addition of
1 wt % of MWCNTs and 1 wt % of Fe;O4-coated
MWCNTs in Epon-828 increases ~ 44 and 38% in
storage modulus when compared with the neat
Epon-828, respectively. Improvement occurs in the
dispensability by increasing the surface polarity
inducing the corporation of MWCNTs into the ma-
trix resulting in a larger improvement in the ulti-
mate strength. The rubbery plateau region of DMA
test results is shown in Figure 7 and presented in
Table IV. These results can be used to estimate the
number of entanglements or crosslinks. The modu-
lus in the plateau region is proportional to either the
number of crosslinks or the chain length between
entanglements. This is often expressed in shear as

G =~ (pRT)/M,

where G’ is the modulus of the plateau region at a
specific temperature, p is the polymer density, and M,
is the molecular weight between entanglements. In
practice, the relative modulus of the plateau region
tells us about the relative changes in M~ or the num-
ber of crosslinks compared to a standard material.
The rubbery plateau is also related to the degree of
crystallinity in a material, although DSC is a better
method for characterizing crystallinity than DMA.”
In this region, we see an increase in the modulus for 1
wt % of MWCNTs and Fe;O4-coated MWCNTSs in
Epon-828 epoxy, which is a strong indication that
there is an increase in the crosslinking as well.

Mechanical analysis

To study the effect of coating of MWCNTs on me-
chanical properties, flexural and quasi-static com-
pressive properties of the Fe;O,/MWCNTs-Epon-
828 epoxy were measured. The stress—strain curves
of the neat Epon-828 and coated MWCNTs and

Journal of Applied Polymer Science DOI 10.1002/app
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uncoated MWCNTs-infused Epon-828 resin are
shown in Figures 8 and 9. The stress and modulus
data are presented in Table V. The test results
shown in Table V clearly indicate that the compres-
sive strength and modulus properties of the nano-
composite increase with the coated MWCNTs-rein-
forced epoxy matrix when compared with the
unreinforced neat resin composite. The strength and
modulus increased by 8 and 38%, respectively, when
compared with the neat sample values.

Figure 8 shows that the compressive modulus
increases maximum for the 0.5% loading of magne-
tite-coated MWCNTs. However, the compressive
strength increased maximum for the 1% loading of
magnetite MWCNTs and shown lower strain to
failure when compared with the unreinforced
neat epoxy. The increase in strain to failure was
observed for 0.5% uncoated MWCNTs-reinforced
nanocomposite.

A flexure test produces a tensile stress in the con-
vex side of the specimen and compression stress in
the concave side. This creates an area of shear stress
along the midline. Flexure test measures the force
required to bend a specimen under three-point load-
ing condition. In a three-point test, the area of uni-
form stress is quite small and point concentrated
under the center loading point The flexural test
measures were carried out under a three-point bend
loading conditions at ambient temperature. Figure 9
shows flexural stress—stain curves of (a) neat Epon-
828, (b) 0.5 wt % of uncoated MWCNTs, (c) 1 wt %
of uncoated MWCNTs, (d) 0.5 wt % of magnetite-
coated MWCNTs, and (e) 1 wt % magnetite-coated
MWCNTs. The rest of the results are presented in
Table VI. These results show that there is a gradual
increase in the flexural modulus and strength. With
the addition of the pristine MWCNTs (1 wt %) and
coated MWCNTs (1 wt %), the strength increases to
20 and 50%, respectively, when compared with the
neat Epon-828 epoxy.

TABLE VI
Flexural Properties of Neat Epon-828 and Nanocomposite
Systems
Ultimate Flexural
flexural modulus
Sample strength (GPa) (GPa)
Neat Epon-828 0.078 2.19
0.5% Pristine 0.093 2.34
MWCNTs/Epon-828
1% Pristine 0.094 2.67
MWCNTs/Epon-828
0.5% Fe;04 0.099 2.70
MWCNTs/Epon-828
1% Fez04 0.117 2.84

MWCNTs/Epon-828
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Figure 10 SEM micrographs of (a) neat Epon-828, (b) 1.0 wt % of pristine MWCNTs/Epon-828, (c) 1.0 wt % of FezO4-

coated MWCNTs/Epon-828 epoxy.

SEM analysis

SEM analysis was carried out to investigate the frac-
ture surfaces of neat epoxy, Fe;O4-coated MWCNTs,
and uncoated MWCNTs in the Epon-828 nanocom-
posites and shown in Figure 10. The fracture surfa-
ces shown in Figure 10 represent the cross-sectional
view of (a) neat Epon-828, (b) 1.0 wt % of uncoated
MWCNTs in Epon-828, and (c) 1.0 wt % of magne-
tite-coated MWCNTs in Epon-828 epoxy. As seen in
the Figure 10, samples failed as a combination of
breaking of small fragments and propagation of
cracks originating from materials flaws in the as-pre-
pared samples. It is observed in the Figure 10 that
the polymer matrix cracks are more of a ductile na-
ture in the neat Epon-828 epoxy as opposed to a
brittle failure in case of Fe;O4-coated and uncoated
MWCNTs-infused Epon-828 epoxy resin. These
results are consistence with our previous results on
SiC nanoparticles in SC-15 epoxy resin,*® and by
introducing nanoparticles the epoxy polymer matrix
becomes more brittle. Figure 10(b,c) shows that the
cracks spread out in radial manner in both Fe;O,-
coated and uncoated MWCNTs-infused Epon-828,
but coalesced more predominantly only in the
Fe;04-coated MWCNTs-infused Epon-828, which
indicate again the brittle nature of failure modes.
These results clearly show that the infusion of
coated and uncoated MWCNTs in to Epon-828
shifted from a relatively ductile to a brittle materials.

CONCLUSIONS

A sonochemical technique has been developed for in
situ coating of magnetite nanoparticles on MWCNTs.
TGA results show that the coated MWCNTs main-
tain thermal stability at high temperatures. DMA
results show increase in storage moduli for nano-
composites with addition of MWCNTs. DSC results
show that there is an increase in T, for Fe;O4-coated
MWCNTs nanocomposites. Compressive stress—
strain results also indicate that there is a significant

increase in strength and modulus about 8 and 38%,
respectively. Flexural stress—strain results also indi-
cate 50% increase in strength and 30% increase in
modulus. TEM shows improvement in dispersion of
MWCNTs in epoxy system with magnetite coating.
This coating technique of MWCNTs can be applied
to other nanoparticles to enhance the thermal and
mechanical properties of nanocomposite materials
and can be used for various applications.
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