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ABSTRACT: Three different approaches have been
applied and investigated to enhance the thermal and me-
chanical properties of epoxy resin. Epoxy system reinforced
with either recycled cellulose fibers (RCF) or nanosilicon
carbide (n-SiC) particles as well as with both RCF and
n-SiC has been fabricated and investigated. The effect of
RCF/n-SiC dispersion on the mechanical and thermal prop-
erties of these composites has been characterized. The frac-
ture surface morphology and toughness mechanisms were
investigated by scanning electron microscopy. The disper-
sion of n-SiC particles into epoxy nanocomposites was stud-
ied by synchrotron radiation diffraction and transmission
electron microscopy. Results indicated that mechanical
properties increased as a result of the addition of n-SiC. The
presence of RCF layers significantly increased the mechani-

cal properties of RCF/epoxy composites when compared
with neat epoxy and its nanocomposites. The influence of
the addition of n-SiC to RCF/epoxy composites in mechani-
cal properties was found to be positive in toughness prop-
erties. At high temperatures, thermal stability of neat epoxy
increased due to the presence of either n-SiC particles or
RCF layers. However, the presence of RCF accelerated the
thermal degradation of neat epoxy as well as the addition
of n-SiC to RCF/epoxy samples increased the rate of the
major thermal degradation. © 2012 Wiley Periodicals, Inc.
] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Epoxy is considered to be one of the important mat-
rices used for fiber-reinforced polymer due to its
unique properties of relatively high strength, high
modulus, low shrinkage, and excellent chemical and
heat resistance.'” It has been widely used in manu-
facturing applications, such as adhesives, coatings,
electronics, and aerospace structures. However, ma-
jority of cured epoxy systems show low impact
strength, poor resistance to crack propagation and
initiation, and low fracture toughness."” The high
cost and brittleness of epoxy resins are the main
draw backs to its industrial use.> Two different
approaches have recently been reported in the litera-
ture to substantially enhance the properties and
reduce the cost of the composite compared to that
for the neat epoxy resin.

The first approach dealt with the use of natural
cellulose fibers such as flax, hemp, sisal, kenaf, and
jute, as reinforcements in the polymeric matrices for
making low cost engineering materials. Cellulose
fiber reinforced polymers have gained a great atten-
tion in engineering applications due to their tremen-
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dous properties, which include low density, low
cost, renewability and recyclability as well as excel-
lent mechanical characteristics such as flexibility,
high toughness, specific strength, and high specific
modulus.*® Moreover, there is much pressure on
manufacturing industries especially packaging, con-
struction and automotive industries to utilize new
materials in substituting the nonrenewable reinforc-
ing materials for instance glass fiber emerging from
consumers and new environmental legislation due
to increased sensitivity on environmental pollution.*
Natural fibers have been preferred as they are con-
sidered to be environmental friendly (green compo-
sites), thus being utilized as a substitute to tradi-
tional fiber reinforced petroleum-based composites
including aramid fibers, carbon, and glass fibers.>®
However, plant fiber reinforced polymeric compo-
sites have several drawbacks which include fiber
high moisture absorption, incompatibility with some
of the polymeric matrices, and poor wettability.*”
There is significant amount of work can be found in
the literature on the effects of additional cellulose
fibers on mechanical, physical, and thermal proper-
ties of the polymer systems.>” "

The second approach dealt with the use of nanosized
inorganic particles as modifiers for brittle polymers. In
recent years, polymer-clay nanocomposites (PCNs)
have drawn much attention due to their excellent char-
acteristics such as improvement in physical (shrinkage,



optical, dielectrics, and permeability), thermal (ie.
thermal expansion coefficient, flammability, decompo-
sition, and thermal stability), and mechanical (i.e.
toughness, strength, and modulus) properties.'* ¢
Many researchers have studied nanoclay addition
effect on thermal, mechanical, and physical properties
of polymeric composites since the demonstration
of vast improvements in mechanical and physical
properties by the pioneering work of researchers on
nylon-6/clay nanocomposites at Toyota.'” >

Silicon carbide particles are very attractive ceramic
material that can be used as filler in different polymer
matrices due to the unique properties including high
thermal conductivity, low thermal expansion coupled
with high strength, high hardness, and high elastic
modulus.* Silicon carbide (SiC) is rigid crystalline
material that compound of silicon and carbon that has
been used in grinding abrasive products including
wheels for over a period of 100 years.”® Currently, the
material has been developed to a point that it has very
good mechanical properties as a high-quality grade
ceramic used in numerous high-performance applica-
tions.”® Therefore, ceramic-filled polymer composites
have been the subject of extensive research in the last
two decades.”? Blackman et al.*” and Johnsen et al.?®
both reported a significant improvement in fracture
toughness for epoxy nanocomposites due to the addi-
tion of nanosilica. Zhao et al.** on the other hand used
nanoalumina particles to toughen epoxy resin. How-
ever, no improvement was reported in fracture tough-
ness due to the addition of nanoalumina. Chen et al.*’
reported an increment by 30% in fracture toughness of
silica-epoxy nanocomposites compared to neat epoxy.
Chatterjee et al.>' carried out the mechanical and ther-
mal properties of TiO,/epoxy nanocomposites pre-
pared by ultrasonic mixing process. Authors reported
an enhancement in thermal stability, glass transition
temperature, tensile and flexural modulus due to the
presence of nanosilica particles. However, no improve-
ment was reported in tensile and flexural strength. Ma
et al.’” investigated the effect of silica nanoparticles on
the mechanical properties of two types of epoxy sys-
tems. It was found that the presence of nanosilica
increased Young’s modulus, tensile strength, fracture
toughness, and impact toughness for both epoxy sys-
tems. An increase in nanosilica subsequently resulted
to increased mechanical properties.

In this article, the focus is on generating different
modes of toughening and strengthening by describ-
ing an alternative approach in designing eco-nano-
composites in which elements are tailored with fine
dispersions of recycled cellulose fibers (RCF) and
nanosilicon carbide (n-SiC). The main idea is to pro-
duce an outer epoxy layer dispersed with nanosized
SiC for wear resistance and hardness, and with under
layers RCF/SiC reinforced epoxy for damage toler-
ance and toughness. The effect of RCF/n-SiC disper-
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TABLE I
Physical Properties of n-SiC Powder
Properties Values
Color Light grey
Particle size <100 nm
Surface area 70-90 m?2/ g
Bulk density 0.069 g/cm’

Density 3.22 g/cm? at 25°C

sion on the microstructure, mechanical, and thermal
properties have been characterized and discussed in
terms of synchrotron radiation diffraction (SRD),
transmission electron microscopy (TEM), scanning
electron microscopy (SEM), flexural strength and
modulus, fracture toughness, impact strength, impact
toughness, and thermogravimetric analysis (TGA).

MATERIALS AND FABRICATION
Materials

RCF paper and nanosilicon carbide (n-SiC) particles
were used as reinforcements for the fabrication of ep-
oxy-matrix composites. The RCF paper with grade
200 GSM and 200 pm thickness was supplied by Fuji
Xerox Australia, Belmont WA, Australia. n-SiC par-
ticles were provided by Sigma-Aldrich LLC, USA.
The physical properties of n-SiC particles are outlined
in Table 1% Finally, general purpose low viscosity ep-
oxy resin (FR-251) and epoxy hardener were supplied
by Fiberglass and Aesin Sales, WA, Perth, Australia.

Sample fabrication
Nanocomposites

The n-SiC/epoxy nanocomposites were prepared by
mixing the epoxy resin with three different weight
percentages (1, 3, and 5%) of n-SiC particles using
high speed mechanical mixer for 10 min with a rota-
tion speed of 1200 rpm. After that, a hardener was
added to the mixture and then stirred slowly to mini-
mise the formation of air bubbles within the sample.
The final mixture was poured into silicon moulds
and left for 24 h at room temperature for curing pur-
pose. Pure epoxy (PE) sample was made as a control.

RCEF reinforced nanocomposites

In this section, the epoxy system and the nanocom-
posites dispersed with n-SiC particles were used as
the matrix material. RCF sheets were first dried for
60 min at 70°C. After that, RCFs sheets were fully-
soaked into a mixture of epoxy/n-SiC until they
became entirely wetted by the mixture, before they
were laid down in a closed silicone mould under 8.2
kPa compressive pressure and left 24 h for curing at
room temperature. The same processing procedure



EPOXY HYBRID COMPOSITES WITH RCF AND N-SIC

TABLE II
Compositions of Synthesized n-SiC/Epoxy and
RCF-Epoxy/n-SiC Nanocomposites

n-SiC ~ RCF/SiC/epoxy  n-SiC
n-S5iC/epoxy samples  (wt %) samples (wt %)
Pure epoxy (PE) 0 PE/RCF 0
PE/SiC1 1 PE/RCF/ SiC1 1
PE/SiC3 3 PE/RCF/ SiC3 3
PE/SiC5 5 PE/RCF/ SiC5 5

was used to prepare RCF/epoxy ecocomposites
without the addition of n-SiC. The amount of RCF in
the final products was about 48 wt %. All the sam-
ples made are summarized in Table IL

Synchrotron radiation diffraction

SRD measurement was carried out on the powder
diffraction beamline at the Australian Synchrotron.
The diffraction patterns of each sample were col-
lected using a beam of wavelength 1.377 A in the
two-theta range of 2-82°.

Transmission electron microscopy

Ultra-thin sections (~ 80 nm) of samples were pre-
pared using an ultramicrotome (Leica microsystem)
and were recovered on a copper grid. Transmission
electron microscopy imaging was done using a Titan
Cryotwin (FEI Company) operating at 300 kV
equipped with a 4 k x 4 k CCD camera (Gatan).
TEM was carried out at King Abdullah University of
Science and Technology (KAUST), Saudi Arabia.

Scanning electron microscopy

Scanning electron microscope (Zeiss Evo 40XVP)
was used to investigate the microstructures and the
fracture surfaces of composites. Samples were coated
with a thin layer of gold to prevent charging before
the observation by SEM.

Thermogravimetric analysis

The thermal stability of samples was studied by
TGA and differential thermogravimetry (DTG). A

Mettler Toledo TGA/DSC star system analyzer was
used for all these measurements. Samples with ~ 10
mg were placed in a platinum can and tests were
carried out in nitrogen atmosphere with a heating
rate of 10°C/min from 35 to 800°C.

Measurements of mechanical properties

Three-point bend tests

Rectangular bars with dimensions 60 x 10 x 6 mm?®

were cut for three-point bend tests to measure flex-
ural strength, flexural modulus, and fracture tough-
ness. The three-point bend tests were performed
using a LLOYD material testing machines—Twin
Column Bench Mounted (5-50 kN). The support
span used was 40 mm with a displacement rate of
1.0 mm/min. Five specimens of each composition
were tested to evaluate the mechanical tests. The
flexural strength was evaluated using the following
equation:

_3pmS
- 2WD?

Oor (1)
where P,, is the maximum load at crack extension,
S is the span of the sample, D is the specimen thick-
ness, and W is the specimen width. Values of the
flexural modulus were computed using the initial
slope of the load-displacement curve, AP/AX, using
the following formula:

S$3 (AP
Er = 1wos [E] )

In order to determine the fracture toughness, a sharp
razor blade was used to initiate a sharp crack in the
samples. The ratio of crack length to width (a/w)
was about (0.4). The fracture toughness was calcu-
lated using the following eq. (5):

Kie = vggfw 7 () @)

where 7 is the crack length and f(a/w) is the polyno-
mial geometrical correction factor given as:

f [i] 3(a/W)2[1.99 — (a/W)(1 — a/W) x (2.15 — 3.93a/W + 2.7a%/W?)]
B 2(1+ 2a/W)(1 — a/W)*?

144

Charpy impact test

Similar rectangular bars were cut for Zwick Charpy
impact testing to evaluate the impact strength and
impact toughness. A pendulum hammer with 1.0 J
was used during the test to break the samples. Un-

(4)

notched samples were used to compute the impact
strength using the following formula:

o1 = A 5)
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Figure 1 Synchrotron radiation diffraction patterns of n-
SiC powder and epoxy/n-SiC nanocomposites.

where E is the impact energy to break a sample with
a ligament of area A.

Samples of various notch lengths were used to
determine the impact toughness of composites. In
order to measure the impact toughness, the value of
the critical strain energy release rate (Gic) was eval-
uated as the slope of the fracture energy (U) versus
the energy calibration factor (¢) as shown in the fol-
lowing equation:’

U= Gic WD + U, (6)

where U, is the kinetic energy, W is the specimen
width, and D is the specimen thickness.

RESULTS AND DISCUSSION

Nanocomposites characterization

Synchrotron radiation diffraction

The SRD diffractograms for epoxy/n-SiC nanocom-
posites and n-SiC powder are shown in Figure 1.
The n-SiC patterns show crystalline pattern structure
with five sharp peaks in the range of 20 = 30-70°. It
also can be seen from Figure 1 that epoxy shows an
amorphous structure without distinct repeating unit.
The addition of n-SiC particles to epoxy matrix
clearly increased the crystallinity of the epoxy/n-SiC
composites due to the presence of sharp narrow dif-
fraction peaks. It also can be seen that the highest of
the diffraction peaks of n-SiC increased as nanofiller
content increased in the epoxy/n-SiC composites.

Transmission electron microscopy

TEM images of the epoxy nanocomposite with
different contents of n-SiC particles are shown in
Figure 2. The lower magnification images in Figure
2(a—c) give a general observation of n-SiC particles
dispersion into the epoxy matrix. It can be seen that
the n-SiC particles are homogeneously dispersed
inside the epoxy matrix except for some particle
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agglomerations can be clearly seen at higher n-SiC
loading. These agglomerations increase as n-SiC parti-
cle content increases. As it was observed during sam-
ple fabrication, the matrix viscosity significantly
increased as nanoparticles concentration increased,
which made particles dispersion rather poor and eas-
ily to aggregate in micro-size. At higher magnification
images Figure 2(d-f), it can be seen that n-SiC par-
ticles have spherical shape with crystalline structure.

Mechanical properties

Flexural strength and modulus

Figures 3 and 4 illustrate the effect of n-SiC particles
on the flexural strength and modulus of epoxy nano-
composites. Both flexural strength and modulus
increase due the presence of n-SiC particles. In par-
ticular, flexural strength of epoxy increases by a
maximum 21.5% with the addition of only 1% wt n-
SiC. The enhancement in flexural strength may be
ascribed to the good dispersion of n-SiC particles
into the matrix, which increases matrix/n-SiC inter-
action surface providing good stress transferring
from the matrix to the nanofillers resulting in an
improve in sample strength properties. However,
with further n-SiC loading (3 and 5%), flexural
strength tends to decrease to values less than PE.
The reason could be seen in Figure 2(a—), at high
concentration of n-SiC, n-SiC particles poorly dis-
persed inside the matrix forming particles agglomer-
ations, which could weaken the adhesion strength
between the matrix and the filler.?>** Besides, these
agglomerations may act as stress concentrators,
which in turn cause reduction in flexural
strength.**?* Zainuddin et al.”® investigated the
flexural properties of epoxy/clay nanocomposites.
Nanocomposites were fabricated with 1-3 wt %
loading of montmorillonite layered silicate via mag-
netic stirring mixing for 5 h. Result showed that flex-
ural strength was increased by a maximum up to
8.7% for samples reinforced with only 2 wt % of
nanoclay compared to neat epoxy. Authors stated
that poor dispersion of nanoclay led to poor me-
chanical properties.” Flexural modulus of epoxy
nanocomposites are demonstrated in Figure 4. It can
be seen that flexural modulus have similar trend to
flexural strength values. The addition of (1, 3, and 5)
wt % n-SiC significantly increase the modulus of ep-
oxy system by 83, 59.2, and 58.9%, respectively. This
expected result is due the fact that n-SiC particles
have higher modulus than epoxy resin. Therefore,
the presence of these rigid particles into the epoxy
matrix increases the modulus of epoxy nanocompo-
sites when compared with neat resin.*

The flexural strength of RCF reinforced n-SiC/ep-
oxy nanocomposites are shown in Figure 3. It can be
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200 nm

20 nm

Figure 2 TEM micrographs of epoxy nanocomposites reinforced with different n-SiC concentration: (a) 1 wt %, (b) 3 wt
%, (c) 5 wt %, and (d-f) are high magnification TEM images of n-SiC particles inside epoxy matrix. (The white arrows

indicate n-SiC clusters).

seen that the presence of the RCF layers significantly
improve the flexural strength for all kinds of sam-
ples. The flexural strength of the neat epoxy resin
increase from 58.5 to 152.3 MPa after the addition of
RCF layers with enhancement reaches up to 160%.
This enhancement in flexural properties is due to
the advantages of recycled cellulose fibers in resist-
ing bending force of the composites.”® In the case of
RCF reinforced n-SiC/epoxy nanocomposites, the

200 1 = without RCF
W with RCF
1515 150.4
w© 150
&
2
<
o
S 100
=
w
g 66.3 62.5
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a 1 3 ]

n-5iC content (wt%)

Figure 3 Flexural strength as a function of n-SiC content
in unfilled composites and RCF-filled composites.

insertion of 1 wt % n-SiC slightly increases the flex-
ural strength of RCF/epoxy composites. However,
adding more SiC (3 and 5 wt %) lead to an insignifi-
cant reduction in strength. These results are in
agreement with those obtained by Satapathy et al.*®
in their study on the influence of SiC particles
derived from rice husk on flexural strength of jute/
epoxy composites. Flexural strength was found
insignificantly decreased after adding 10 and 20 wt
% of SiC particles.”® The presence of RCF into epoxy

10 + m without RCF
g 7.50 7.61 W with RCF
@ 8
[-»
g 7
“
2 6
3
o 51
E 4]
]
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T 21
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0 1 3 5
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Figure 4 Flexural modulus as a function of n-SiC content
in unfilled composites and RCF-filled composites.
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Figure 5 Impact strength as a function of n-SiC content
in unfilled composites and RCF-filled composites.

matrix significantly increases the flexural modulus
by about seven times compared to neat epoxy. Add-
ing n-SiC particles to the RCF/epoxy slightly
increases flexural modulus (Fig. 4).

Impact strength and toughness

The impact strength of epoxy nanocomposites and
RCF reinforced epoxy nanocomposites are plotted in
Figure 5. The presence of n-SiC particles increases
the impact strength for epoxy nanocomposites with
maximum improvement 35.5% at 5 wt % n-SiC load.
The impact strength of neat epoxy increases from 5.6
to 7.5, 7.0, and 7.6 kJ/m? after the addition of 1, 3,
and 5 wt % of n-SiC respectively. Similar significant
enhancement in impact strength was reported by Lu
et al.®® They investigated the mechanical properties
of hybrid epoxy/SiO, nanocomposites. It was found
that impact strength for nanocomposites filled with
2 wt % SiO; increased by maximum 43.3% when
compared with neat epoxy. However, adding more
S5i0, content (2.5 and 3) wt % caused impact
strength to decrease due to the poor dispersion of
SiO, particles at higher filler content. As illustrated
in Figure 5, the presence of RCF significantly
improves impact strength by ~ 444% over PE from
5.6 to 30.7 kJ/m®. This great achievement is due to
the fact that cellulose fiber has a better ability to
absorb impact energy than unreinforced polymer.
This result is in agreement with the work of Mal-
eque and Belal."” They studied the mechanical prop-
erties of pseudo-stem banana fiber-epoxy composites
and found that the presence of banana woven fabric
increased the impact strength over the neat epoxy
by ~ 40%. The effect of the addition of n-S5iC on
impact strength properties of RCF/epoxy nanocom-
posites is shown in Figure 5. It can be seen that
impact strength of n-SiC filled RCF/epoxy nanocom-
posites increases as n-SiC loading increases. The
impact strength of RCF/epoxy displays a maximum
increase of 21% with only 5 wt % of n-SiC particles.
It was observed an increase in n-SiC clusters into
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epoxy nanocomposites due to the increase in n-SiC
loading as seen in Figure 2(a—). These clusters may
act as crack stoppers and increase the ability of the
material to absorb energy by forming tortuous path-
ways for crack propagation, which resulting the
impact strength to increase.’

The impact toughness in terms of the energy
release rate (Gic) for n-SiC/epoxy nanocomposites is
illustrated in Figure 6. It can be seen that impact
toughness gradually increases as the n-SiC content
increases yielding a maximum at 5 wt % n-SiC load.
The addition of 1, 3, and 5 wt % n-SiC into epoxy
matrix significantly enhance impact toughness by
25.0, 50.0, and 62.5% over neat epoxy, respectively.
This remarkable enhancement in toughness proper-
ties for nanocomposites is due to several toughness
mechanisms for dissipating energy such as, crack
pinning, crack deflection, particle debonding, plastic
void growth, plastic deformation, and particle pull-
out as has been reported by number of studies for
polymers reinforced with nanofillers.*?%?*%3 Ma
et al.** reported an increase in impact toughness of
epoxy system due to the addition of nanofiller.
Authors found that the inclusion of silica nanopar-
ticles increased the toughness properties in terms of
energy release rate (Gic) of epoxy system by 81% at
20 wt % silica load. In the case of RCF/epoxy nano-
composites, the inclusion of RCF layers into epoxy
resin remarkably enhances the impact toughness by
about 262.5%. This extraordinary enhancement in
toughness properties is due to the fact that RCF dis-
plays a variety of fracture mechanisms in the crack
path to resist crack propagation.! These fracture
mechanisms such as fiber breakage, fiber pullout,
fiber debonding, and fiber bridging require high
energy to be absorbed. The presence of n-SiC par-
ticles into RCF/epoxy increases impact toughness by
10.3, 24.1, and 27.6% at (1, 3, and 5) wt % n-SiC
load, respectively. The extra improvement in impact
toughness for RCF-based nanocomposites is due to
the participating of n-SiC in resisting the crack
growth.

m without RCF
| with RCF

5 4

4.1

35 3.6
29

13
10 12

Impact toughness (KJ/m?)

1 3
n-SiC content (wt%)

Figure 6 Impact toughness as a function of n-SiC content
in unfilled composites and RCF-filled composites.
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Figure 7 Fracture toughness as a function of n-SiC con-
tent in unfilled composites and RCF-filled composites.

Fracture toughness

The influence of n-SiC particles on fracture tough-
ness of epoxy/n-SiC composites is shown in Figure
7. It can be seen that fracture toughness increases
due to the presence of n-SiC particles. The addition
of only 1 wt % n-SiC significantly increases facture
toughness by a maximum 89.4% compared to neat

100 pm

epoxy. However, fracture toughness tends to decline
as n-SiC content increases to (3 and 5) wt %. This
could be due the poor dispersion of n-SiC and form-
ing particle agglomeration at higher filler content as
can be seen in Figure 2(a—c).”**° This significant
enhancement in fracture toughness is similar to the
work of Chen et al.*® They found that the addition
of (1 and 5) wt % of nanosilica to epoxy matrix
increased fracture toughness by about 30%. How-
ever, adding more silica (10 wt %) led to decreasing
in toughness.

The effect of RCF layers on fracture toughness is
clearly shown in Figure 7. As expected, samples re-
inforced with RCF layers shows a significant
increase in fracture toughness in all samples. For
example, the addition of RCF in epoxy resin
increased fracture toughness by about 350%. This
extraordinary enhancement, as can be seen later in
Figure 9, is due to the unique properties of cellulose
fiber in resisting fracture, which resulted in
increased energy dissipation from crack-deflection at
the fiber-matrix interface, fiber debonding, fiber

100 pm

Figure 8 Scanning electron micrographs showing the fracture surfaces of: (a) PE, (b) PE/SiC5 (high magnification), (c)
PE/SiC1, and (d) PE/SiC5. (Legend: (A) n-SiC clusters and (B) voids).

Journal of Applied Polymer Science DOI 10.1002/app



ALAMRI AND LOW

Figure 9 Scanning electron micrographs showing the fracture surfaces of: (a) PE/RCF, (b) PE/RCF/SiC1, (c) PE/RCF
(high magnification), and (d) PE/RCF/SiC1 (high magnification). (The white arrow indicates the matrix).

bridging, fiber pullout, and fiber fracture.!' This
result is supported by the work of Lui and Huges®
and Maleque and Belal.'* They reported an enhance-
ment in fracture toughness when cellulose fiber was
added to epoxy matrix. In the case of epoxy eco-
nanocomposites, the addition of n-SiC to the RCF/
epoxy composites gradually increases the fracture
toughness for all n-SiC filled RCF/epoxy samples.
Fracture toughness of RCF/epoxy reinforced with 5
wt % n-SiC increases by maximum 10% over
unfilled RCF/epoxy samples. This reveals that frac-
ture toughness in RCF/epoxy eco-nanocomposites is
mostly dominated by recycled cellulose fibers with
slight effect of n-SiC particles.

Fracture surface and toughness mechanisms

The fracture surfaces of PE and epoxy nanocompo-
sites reinforced with 1 and 5 wt % n-SiC particles are
shown in Figure 8. It can be seen from Figure 8(a)
that the fracture surface of PE is very smooth and fea-
tureless, which indicates typical brittle fracture

Journal of Applied Polymer Science DOI 10.1002/app

behavior with lack of significant toughness mecha-
nisms.*®* However, epoxy/n-SiC nanocomposites
shows rougher fracture surfaces than that of neat
resin as a result of the addition of nanofillers as can
be seen in Figure 8(c,d). An increase in fracture sur-
face roughness can be used as indicator to the pres-
ence of crack deflection mechanisms, which increase
fracture toughness by increasing crack propagation
length during deformation.*® Figure 8(b) shows
high magnification SEM micrograph of fracture sur-
face for epoxy reinforced with 5 wt % n-SiC particles.
A number of possible toughness mechanisms such as
crack pinning, crack deflection, particle debonding,
plastic void growth, plastic deformation, and particle
pullout can be observed. Such toughness mechanisms
can lead to higher fracture toughness properties
through resisting crack propagation.?*>%>>% More-
over, particles agglomerations and voids in micro-
scale are observed for epoxy/n-SiC nanocomposites.
Samples with 5 wt % n-SiC shows increase in particle
agglomerates and voids than samples filled with 1 wt
% n-SiC. This result agrees with TEM results.
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Figure 10 Scanning electron micrographs showing the crack propagation behavior in: (a) PE/SiC1 and (b) PE/RCF/

SiC1.

Figure 9(a,b) illustrate low magnification image of
RCF/epoxy sample and RCF/epoxy filled with 1 wt
% n-SiC, while Figure 9(c,d) show high magnifica-
tion image of same samples. A variety of toughness
mechanisms such as, shear deformation, crack bridg-
ing, fiber pullout, and fiber fracture and matrix frac-
ture can be clearly observed, which lead to good
fracture properties of samples reinforced by RCF
layers. Figure 10(a,b) display the back-scattered SEM
images of crack propagation in epoxy/n-SiC and
RCF/epoxy/n-SiC nanocomposites filled with 1% wt
n-SiC. It is observed that samples reinforced with
RCF layers did not completely break in two pieces.
This is due to the fact that fibers bridge the cracks
and enhance the crack propagation resistance, which
lead to improvement in fracture toughness. The tor-
tuous pathway for the crack propagations indicates
the high energy absorbance by the RCF sheets. These
super toughness mechanisms of RCF are the major
factors of increasing mechanical properties of sam-
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Figure 11 TGA curves of PE, PE/SiC5 PE/RCF, and
PE/RCF/SiC5.

ples reinforced with RCF when compared with sam-
ples without RCF.

Thermal stability and properties

The thermal stability of the samples was determined
using TGA. In this test, the thermal stability was
studied in terms of the weight loss as a function of
temperature in nitrogen atmosphere. The thermo-
grams (TGA) and the derivatives thermograms
(DTA) of neat epoxy, epoxy/RCF, epoxy/n-5iC, and
epoxy/n-S5iC/RCF nanocomposites filled with 5 wt
% n-SiC are shown in Figures 11 and 12. The maxi-
mum decomposition temperature (Tpmax) and the
char yields at different temperatures for all samples
types are summarized in Table IIL

In the case of epoxy resin and its nanocomposites,
it can be seen from Table III that at low tempera-
tures (<400°C) PE displays better thermal stability
than those filled with n-SiC particles. This means
that the presence of n-SiC accelerates the degrada-
tion of epoxy nanocomposites compared to epoxy
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—— PE/SIC5
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Figure 12 DTG curves of PE, PE/SiC5 PE/RCF, and
PE/RCF/SiC5.

Journal of Applied Polymer Science DOI 10.1002/app



10 ALAMRI AND LOW
TABLE III
Thermal Properties of Epoxy, Epoxy/RCF Composites, Epoxy/n-SiC and Epoxy/RCF/n-SiC Nanocomposites
Char yield at different temperature (%)

Sample 100°C 200°C 300°C 400°C 500°C 600°C 700°C Tmax (°C)
PE 99.86 86.10 85.24 35.26 15.69 13.69 13.08 367.29
PE/SiC1 99.09 83.19 82.44 32.25 14.45 12.43 11.85 367.25
PE/SiC3 98.29 84.55 83.96 34.54 15.85 13.82 13.20 365.47
PE/SiC5 98.62 85.68 85.09 34.70 16.60 14.60 14.00 365.53
PE/RCF 98.65 87.88 85.01 34.58 22.49 20.37 17.96 359.62
PE/RCF/SiC1 97.34 94.30 88.48 33.72 26.90 25.15 21.66 351.43
PE/RCF/SiC3 97.96 92.74 87.65 33.83 25.84 23.92 20.87 351.37
PE/RCE/SiC5 98.22 91.51 86.65 33.84 25.15 23.14 20.50 350.87

resin. This observation has been reported as the Hof-
mann elimination reaction, where nanoparticles act
as a catalyser toward the degradation of the polymer
matrix.**** The maximum decomposition tempera-
ture (Timax) of the nanocomposites slightly decreases
by 2°C after the addition of (3 and 5) wt % n-SiC
compared to PE. However, at high temperatures
(>400°C), epoxy reinforced with 3 and 5 wt % n-SiC
show better thermal stability than neat epoxy. The
char residue at 700°C of neat epoxy increased from
13.1 to 13.2% and 14.0% after the addition of 3 and 5
wt % n-SiC, respectively. It was reported in previous
studies that the addition of nanoparticles would effi-
ciently raise the char residue of polymers at high
tempelrature.22’31’40’41

The presence of RCF layers increases the amount
of residue at temperatures range from 180 to 250°C.
At the second decomposition where the major deg-
radation occurs, the addition of RCF clearly
decreases the maximum decomposition temperature
(Tmax) by 7.7°C compared to neat epoxy. Figure 12
shows that the peak of the maximum decomposition
of RCF/epoxy composites shifted to lower tempera-
ture compared to neat epoxy, which indicates that
the addition of RCF increases the rate of the sample
major degradation. However, at high temperature
(>400°C), where samples lose (>70%) of their initial
weight, the presence of RCF leads to significant
enhancement in thermal stability by increasing the
char yield at 500, 600, and 700°C compared to epoxy
system. The char yield at 700°C of neat epoxy
increase from 13.1 to 18.0 wt % after the addition of
RCF. Similar results were obtained by Shih' and De
Rosa et al.” They reported an improvement in ther-
mal stability of plant fiber/epoxy composites by
increasing char yield at high temperatures. Shih'
cited that the increasing in char yield is an indica-
tion of the potency of flame retardation of polymers.
Thus, the addition of plant fiber enhanced the flame
retardation of epoxy.

The addition of n-SiC to RCF/epoxy increases the
thermal stability by increasing the amount of the res-
idue at temperatures 200 and 300°C. However, at
the region of major degradation, the unfilled RCF/

Journal of Applied Polymer Science DOI 10.1002/app

epoxy shows better thermal stability than samples
filled with n-SiC. The maximum decomposition tem-
perature (Tmax) of RCF/epoxy nanocomposites
decreased by ~ 8°C compared to unfilled RCF/ep-
oxy composite. Figure 12 shows that the peak of the
major decomposition of RCF/epoxy filled with 5 wt
% n-S5iC moved to a lower temperature compared to
unfilled RCF/epoxy composites. This is due to the
catalytic effect of n-SiC particles on RCF/epoxy
nanocomposites. But, at high temperatures (>400°C)
n-SiC filled RCF/epoxy nanocomposites show better
thermal stability than unfilled RCF/epoxy composite
by increasing the char residues at temperatures 500,
600, and 700°C. This means that at high temperature,
the addition of n-SiC particles significantly enhances
the thermal stability of epoxy/RCF nanocomposites.
This enhancement on thermal properties is due to
the presence of n-SiC, which acted as barriers and
hindered the diffusion of volatile decomposition
products out from the nanocomposites.**™**

CONCLUSION

Epoxy ecocomposites and nanocomposites rein-
forced with recycled cellulose fibers (RCF) and n-SiC
have been fabricated and characterized. The crystal-
line structure and the dispersion of the n-SiC par-
ticles into epoxy matrix were investigated by syn-
chrotron radiation diffraction and TEM. The
distribution of n-SiC particles was homogeneous
with some particles agglomerations. In general, the
inserting of n-SiC into epoxy matrix increased flex-
ural strength, flexural modulus, impact strength,
impact toughness and fracture toughness. The frac-
ture surface features of modified epoxies were found
to be rougher than neat epoxy due to the presence
of n-SiC particles. The addition of n-SiC to epoxy
matrix increased the thermal stability at high tem-
peratures (above 400°C) when compared with neat
epoxy.

The presence of RCF layers in the epoxy resin sig-
nificantly increased all mechanical properties com-
pared to neat epoxy and epoxy nanocomposites.
This remarkable enhancement is due the unique
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properties of cellulose fiber in withstanding bending
force and resisting fracture force compared to brittle
polymers. SEM micrographs showed a number of
toughness mechanisms such as, shear deformation,
crack bridging, fiber pullout and fiber fracture and
matrix fracture. These super toughness mechanisms
of RCF were the major factors of increasing mechan-
ical properties of samples reinforced with RCF when
compared with neat epoxy and its nanocomposites.
The presence of RCF layers accelerated the major
degradation for epoxy filled with RCF compared to
neat epoxy. Maximum decomposition temperature
decreased as a result to the addition of RCF layers.

The inclusion of n-SiC particles to the RCF/epoxy
composites gradually increased fracture toughness
and impact toughness compared to unfilled RCF/ep-
oxy samples. Flexural strength increased after the
addition of only 1 wt % n-SiC. However, adding
more SiC caused decline in flexural strength due to
the poor dispersion of n-SiC particles and formation
of particle agglomerations at higher filler content.
The addition of n-SiC to RCF/epoxy composites was
found to increase the thermal stability by increasing
the char yield of composites at high temperatures.
However, the rate of degradation increased after
adding n-SiC to RCF/epoxy composites by decreas-
ing the maximum decomposition temperatures by
about 8°C.
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