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Epoxy-based nanocomposites were prepared by incorporating 0.3%,
0.5%, 0.7%, 1%, and 2% cellulose nanofibers (CNF) through a hand
lay-up technique. The influence of the CNF as a reinforcement material
on the morphology, and the physical, mechanical, and thermal
properties of epoxy-based nanocomposites were investigated using
scanning electron microscopy (SEM), density, void content, water
absorption, tensile, flexural, impact strength, and thermogravimetric
analyses. Compatibility between the nano-reinforcement and epoxy
matrix was confirmed using SEM, which demonstrated that the CNF
was homogeneously dispersed throughout the epoxy matrix. The
mechanical properties were enhanced by increasing the CNF loading
up to 1%. Moreover, the incorporation of CNF into the composites
reduced the water uptake of the substrates in the water absorption test
and resulted in a high thermal stability when exposed to a high
temperature. Bamboo-CNF could be used as a potential reinforcement
material to improve the properties of epoxy-based nanocomposites.
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INTRODUCTION

A cellulose nanofiber (CNF)-reinforced nanocomposite is a nanocomposite
that contains a polymer matrix and nanoscale cellulose (1 nm to 100 nm) as a
reinforcement material (Siqueira et al. 2010). Incorporation of nanocellulose as a
reinforcement material in polymers is one approach that is used to develop new, high-
end nanocomposites for various applications, such as in the automotive, construction,
electronics, food packaging, and aerospace sectors (Sun and Yao 2011). Over the
decades, traditional composites have been prepared using synthetic materials such as
glass, carbon, or aramid fibers as fillers to reinforce epoxy, unsaturated polyester
resins, polyurethanes, or phenolics. However, despite their good physical and
mechanical properties enhancement in composite formulations, these materials have
been experiencing various types of legislative restrictions and environmentalists’
demands due to issues such as their non-biodegradability (Owolabi et al. 2017). The
increasing interest in using cellulosic fibers as a filler or reinforcement material instead
of synthetic fibers is a result of the biodegradability, renewability, sustainability, low
weight, and low cost of cellulosic fibers, as well as their promising mechanical
properties (Li et al. 2007; Dufresne 2010).
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In addition to a better recyclability, higher flexibility, transparency, and lighter
weight, nanocellulose-reinforced polymer nanocomposites are superior to
conventional micro- and macro-composites in terms of their thermal, mechanical, and
barrier properties, even at low reinforcement levels (Oksman et al. 2006; Sorrentino
et al. 2007). Composites with nanoscale cellulose reinforcements exhibit a larger
surface area and lower defects in the reinforcing components. This phenomenon
results from the smaller diameter of the CNF and high surface area, which provides a
greater interface for the polymers (Kamel 2007).

Cellulose nanofibers have been used extensively in the production of
nanocomposites with a variety of thermoplastic and thermoset polymers, such as
phenolic resin (Nakagaito and Yano 2005), epoxy resin (Masoodi et al. 2012),
polyurethane (Seydibeyoglu and Oksman 2008), styrene butyl acrylate (Malainine et
al. 2005), and melamine formaldehyde (Henriksson and Berglund 2007). Epoxy resins
are known to be one of the most versatile classes of polymers because of their excellent
mechanical and electrical properties, good thermal stability, high stiffness, easy
processing abilities, good resistance to chemicals, and absence of volatile compounds
(Azeez et al. 2013; Mohan 2013). They are widely used in the fields of high-
performance protective coatings, automotive primers, semiconductor encapsulates,
dielectric materials, structural components, and composites (Pham and Marks 2002;
Mohan 2013). However, cured epoxy resins possess some limitations, as its
delamination, inherent brittleness, low impact resistance, and low fracture toughness
behavior make it inadequate for certain end-use applications (Abdellaoui et al. 2015).
Thus, more research is needed to enhance its physical and mechanical properties
through the addition of additives, fillers, or reinforcement materials (Masoodi et al.
2012).

The properties of CNF-reinforced nanocomposites are influenced by the nature
of the polymer matrix, CNF loading, particle size, aspect ratio, CNF-matrix adhesion,
and CNF-CNF attraction (Ramazanov et al. 2010). Researchers have shown that
different CNF loadings influence both the physical and mechanical properties of
nanocomposites, such as by increasing the tensile strength and modulus of elasticity.
It has also been reported that the addition of CNF restricts plastic deformation and is
good for stress transfer (Gong et al. 2011; Bulota et al. 2012). Nanocomposites suffer
from weak mechanical and thermal properties when the agglomeration of fiber occurs
with the introduction of a high CNF loading percentage, which prevents the formation
of a homogenous mixture. Saba et al. (2016) reported that the presence of
agglomerates led to a reduction in the effective interaction volume, as well as large,
continuous interfacial zones when 5% nanofiller was added to an epoxy matrix. In the
studies by Shih (2007) and Abdul Khalil et al. (2013), it was reported that the
incorporation of cellulose bamboo fiber improved the fracture toughness and impact
properties of the polymer composite matrix. However, no remarkable enhancement in
the flexural strength was observed, which was attributed to the poor compatibility
between the cellulose fiber and polymer matrix. It is believed that poor matrix
accessibility increases the interfacial tension between the cellulose fiber and polymer
matrix, which increases the porosity of the composites (Reddy et al. 2013; Jawaid et
al. 2014).

The increasing global interest in the exploration and development of
nanocomposites has driven this study to develop environmentally friendly and
sustainable nano-based materials that could provide an alternate way to employ locally
available biomass for various advanced engineering applications. In a previous study,
CNF from Gigantochloa scortechinii bamboo was successfully isolated and
characterized using a chemo-mechanical technique.
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Cellulose nanofiber-reinforced epoxy-based nanocomposites have been
developed previously and improved some of the mechanical properties of neat epoxy
composites (Saurabh et al. 2016). The present study was conducted to further examine
the effect of a low CNF loading (0.3%, 0.5%, 0.7%, 1%, and 2%) on other properties
of nanocomposites, including the physical, mechanical, and thermal stability
properties.

EXPERIMENTAL

Materials

Gigantochloa scortechinii bamboo CNF was used as a reinforcement material
and isolated in the manner described by Saurabh et al. (2016). The epoxy resin (D.E.R
331) and curing agent (Polyamine hardener 8161) were supplied by ZARM Scientific
and Supplies Sdn. Bhd. (Penang, Malaysia) and used without any further processing.

Fabrication of the CNF-reinforced Epoxy Nanocomposites

The CNF isolated from G. scortechinii was freeze-dried (Freezone 2.5,
Labconco, Kansas City, MO, USA) for 12 h and kept in a desiccator prior to fabrication
of the composites. The epoxy resin and hardener were prepared at a ratio of 2:1 (w/w).
Dried CNF was added at loading percentages of 0.3%, 0.5%, 0.7%, 1%, and 2% (w/w)
to the epoxy resin and stirred using a high-speed mechanical stirrer for 30 min at room
temperature. The hardener was added into the mixture and mechanically stirred for 10
min. The mixture was degassed in a vacuum chamber for 15 min. The mixture was then
cast into a stainless-steel mold covered with a silicone spray releasing agent to facilitate
removal of the cured composites. The mixture was left to cure at 85 °C for 2 h, and then
post-curing occurred at 125 °C for 3 h.

Characterization
Morphological and compatibility analyses

The morphology and compatibility of the neat epoxy composite and CNF-
reinforced epoxy-based nanocomposites were evaluated using scanning electron
microscopy (SEM). The fractured surfaces of the composites were observed using SEM
(EVO MALO, Carl Zeiss SMT, Oberkochen, Germany) with an accelerating voltage of
15 kV. Samples from the impact tests with a thickness of 2 mm were sputter-coated
with a thin layer of gold prior to observation to prevent surface charging during
analysis.

Density

The densities of the neat epoxy composite and CNF-reinforced epoxy-based
nanocomposites were determined using an X-ray density profiler (Grecon Da-X,
Alfeld, Germany), according to ASTM D1895 (2017). Samples were cut to the
dimensions 50 mm x 50 mm X 4 mm. The samples were then inserted into their
respective slots in the density profiler. The density profile of each sample was measured
and recorded as the experimental density.

Void content

The theoretical and experimental densities of the nanocomposites were used to
determine their void content. Determination of the void content was done using ASTM
D2734 (2016). The void content percentage was calculated using Eq. 1, while the
theoretical density was calculated using Eq. 2,
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where pineoretical aNd pexperimental are the theoretical and experimental densities (g/cmd),
respectively, Ws is the weight fraction of the filler (wt%), W is the weight fraction of
the matrix (wt%), pr is the density of the filler (g/cm?®), and pm is the density of the
matrix (g/cm?).

Water absorption

The water absorption percentage of the composites was measured according to
ASTM D570 (2010). The dimensions and weight of the composite samples were
recorded prior to immersion in distilled water at room temperature. The weight and
dimensions were recorded after 1d, 3d,5d, 7d, 9d, and 10 d, until a constant weight
was reached.

All of the measurements were made at room temperature using a jaw-type
Mitutoyo digital vernier caliper (Kawasaki, Japan), which has an accuracy of 0.01 mm.
The water absorption percentage was calculated with Eq. 3,

Water absorption (%) = (%) x 100 (3)
d

where Wy is the initial weight of the composite (g) and W is the final weight of the
composite (g).

Tensile test

The neat epoxy composite and CNF-reinforced epoxy-based nanocomposites
were cut to the dimensions 120 mm x 15 mm x 4 mm. The tensile modulus and tensile
strength were determined according to ASTM D3039 (2017) using an Instron universal
testing machine (UTM 5582, Ohio, USA). The testing speed and gauge length were 5
mm/min and 60 mm, respectively.

Flexural test

The flexural test was conducted according to ASTM D790 (2017). All of the
samples were cut to the dimensions 160 mm x 20 mm x 4 mm. The three-point bending
test was performed using an Instron Universal Testing Machine (UTM 5582) with a
crosshead speed of 2 mm/min.

Impact test

The impact test was performed according to ASTM D256 (2010). Samples with
the dimensions 70 mm x 15 mm x 4 mm were subjected to impact testing using an
impact tester machine (Gotech GT-A1-7000L, Taichung City, Taiwan).

Thermal analysis

The degradation temperature and thermal stability analyses of the neat epoxy
composite and CNF-reinforced epoxy-based nanocomposites were performed using
thermogravimetric analysis (TGA) (TGA/SDTA 851; Mettler Toledo, Zurich,
Switzerland).

All of the samples were heated from 30 °C to 800 °C under a nitrogen
atmosphere at a heating rate of 20 °C/min.
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RESULTS AND DISCUSSION

Physical Properties
Density

The density of a nanocomposite depends on the relative proportion of its
constituents, matrix, and reinforcing materials. Experimental and theoretical densities
of the neat epoxy composite and CNF-reinforced epoxy-based nanocomposites at
various CNF loadings are displayed in Table 1. The average experimental and
theoretical densities of the neat epoxy composite were 1.12 g/cm® and 1.14 g/cm?,
respectively. Both the experimental and theoretical densities of all of the
nanocomposites increased with an increasing CNF loading. This result could have been
because of the incorporation of high-density CNF (1.5 g/cm?®) with low-density epoxy
resin (1.14 g/cm?®), which caused an increase in the density of the nanocomposites
(Shimazaki et al. 2007; Lavoine et al. 2012). Density correlates to many composite
performance characteristics, such as the mat/fiber structure, pressing environment,
furnish characteristics (i.e., compressibility, moisture content, and distribution), and
hot-pressing conditions (i.e., type, closing speed, temperature, pressure, duration, and
step-closing schedules) (Suchsland and Woodson 1986; Wang and Winistorfer 2000;
Wang et al. 2001).

Table 1. Density and Void Content of the CNF-reinforced Epoxy-based
Nanocomposites at Various Bamboo-CNF Loadings

CNF Loading Theoretical Density Experimental Density  Void Content

(wt.%) (g/cm?) (g/cm?) (%)
0 1.1400 1.1212 1.65
0.3 1.1408 1.1274 1.17
0.5 1.1414 1.1324 0.79
0.7 1.1419 1.1366 0.46
1.0 1.1427 1.1411 0.14
2.0 1.1455 1.1446 0.08

Void content

Voids are formed during composite processing. They result from the
evaporation of volatile compounds and residual solvents during composite curing and
entrapment of the resulting air bubbles (Abdul Khalil et al. 2013). The differences in
the experimental and theoretical densities of the nanocomposites were ascribed to the
presence of voids (Table 1). The void content of the nanocomposites decreased when
the CNF loading increased from 0% to 2%. This development is attributed to a low
absolute value of zeta potential of CNF, which tends to agglomerate when introduced
to polymer matrix but that doesn’t mean that it will not blend with the polymer,
depending on the level of agitation and as the quantity of the CNF increases. However,
as more CNF is added to the matrix, the matrix voids get filled over the course of time,
depending on the quantity of CNF added. From the study, addition of 2% CNF loading
will go a long way in adequately achieving good (CNF) filler spread and very low void
formation in the polymer composite. The decrease in the void content occurred because
the voids were filled with CNF, which led to an enhancement of the mechanical
properties of the nanocomposites. Moreover, the fatigue and strength properties of the
nanocomposites were highly dependent upon the void content, as voids can promote
and initiate failure by negatively impacting the stress transfer between the CNF and
matrix (Svagan et al. 2007; Abdul Khalil et al. 2013). A low CNF loading also
prevented agglomeration from occurring. Agglomeration can increase the void content
of the final products because it prevents CNF from homogeneously filling voids.

Rizal et al. (2018). “Bamboo nanocomposites,” BioResources 13(4), 7709-7725. 7713



PEER-REVIEWED ARTICLE b | oresources.com

Water absorption

The water absorption behavior of polymer-reinforced composites is dependent
upon several factors, including the characteristics of the matrix-filler, processing
techniques, immersion in water, and the constituents of the composites (Abdul Khalil
et al. 2013). The water absorption behavior of the CNF-reinforced epoxy-based
nanocomposites with various CNF loadings is illustrated in Fig. 1.
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Fig. 1. Water absorption of the CNF-reinforced epoxy-based nanocomposites at various CNF
loadings

A similar trend was observed for the water absorption percentage, with the
percentage increasing for all of the samples as the CNF loading increased from 0% to
2%. This phenomenon indicated that the water capacity of the nanocomposites was
influenced by the CNF loading. The hydrophilic nature of the CNF resulted in the
nanocomposites being able to take up water and form hydrogen bonds (Lani et al.
2014). However, the value remained constant after 10 d of immersion in water, at which
point the nanocomposites were saturated. The water absorption capacity of the
nanocomposites was higher than that of the neat epoxy composite (Fig. 1). This
occurrence was attributed to the hydrophobic nature of the epoxy resin, which has a
low ability to absorb water compared with the CNF. The 2% CNF loading exhibited
the highest water absorption percentage at 1.42%. This result was because of the higher
amount of CNF present in the nanocomposites, and its hydrophilic nature resulted in
more water uptake. Additionally, increasing the CNF loading increased the formation
of hydrogen bonds between the CNF and water molecules.

The presence of voids and porosity in the nanocomposites also influenced the
water intake of the nanocomposites, as was discussed earlier. The weight of the
nanocomposites increased as water was trapped inside the voids. Thus, nanocomposites
with a high void content increased the water absorption percentage, as they could
absorb a higher amount of water. Water uptake by the neat epoxy composite only
involved absorption of water into the voids of the composites, whereas water uptake by
the CNF-reinforced epoxy-based nanocomposites involved the absorption of water into
the voids and by the CNF. Therefore, the nanocomposite with a 2% CNF loading, which
had the lowest void content, demonstrated the highest water uptake value (Table 1).
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Mechanical Properties

The mechanical properties of the neat epoxy composite and CNF-reinforced
epoxy-based nanocomposites were evaluated using tensile, flexural, and impact tests to
investigate the influence of the CNF loading as a reinforcement material in the epoxy
polymer. The overall mechanical properties are summarized in Table 2.

Table 2. Mechanical Properties of the CNF-reinforced Epoxy-based
Nanocomposites with Various CNF Loadings

Impact

CNF Tensile Flexural Strength

Loading (KJ/m?)

(% wiw) .
Strength Modulus  Elongation Strength Modulus
(MPa) (GPa) at break (%) (MPa) (GPa)

0 39.24+1.25 0.87+0.01  9.37+0.12  51.47+0.85 1.53+0.02 4.04+0.23
0.3 42.19+1.31 0.96+0.03  8.05+0.22  53.23+1.51 1.62+0.03 4.49+0.22
0.5 47.90+1.32 1.25+0.02  7.37+0.21  56.40+0.76  1.76+0.06 5.49+0.27
0.7 49.41+0.85 1.33+0.02  5.74+0.36  57.73+1.63 1.87+0.03 7.28+0.09
1.0 51.37+1.37 1.53+0.04 4.53+0.33  60.87+1.36  1.95+0.03 7.89+0.28
2.0 48.92+1.26 1.29+0.03  4.48+0.21  58.16+1.25 1.82+0.02 6.62+0.17

Value in parentheses = Standard deviation

From the result, the mechanical properties which include Tensile strength and
Young’s modulus of the neat epoxy are 39.2 MPa and 0.87 GPa, respectively. The
values are higher than the values reportedly obtained of similar epoxy resin of 24.6
MPa/ 0.291 GPa (Deng et al. 2013) and 7 MPa/115 GPa (Abdullah and Ansari 2015)
for Tensile strength/Young’s Modulus respectively.

Tensile properties

The tensile strength of the nanocomposites increased as the CNF loading
increased from 0% to 1%, but loadings higher than 1% caused a reduction in the tensile
strength, with values in the range of 39 MPa to 51 MPa (Table 2). These results also
showed that the nanocomposites were stiffer and tougher than the neat epoxy
composite, as they exhibited higher tensile strengths. The 1% CNF-reinforced
nanocomposite demonstrated the highest tensile strength at 51.4 MPa, while the neat
epoxy composite showed the lowest tensile strength at 39.2 MPa. This result was
attributed to the relatively homogenous dispersion of the low CNF content in the epoxy
matrix. Moreover, the small size and high surface area of the CNF could have provided
more interface area, which led to good interfacial bonding between the CNF and epoxy
matrix (Svagan et al. 2007). This bonding prevented quick crack propagation and
promoted better stress transfer between these two components. This interaction
consequently led to an enhanced tensile strength in the reinforced nanocomposites (Lani
et al. 2014). However, the maximum tensile strength was observed at the 1% CNF
loading (Table 2). This result likely occurred because agglomeration tended to occur
when the highest concentration (2%) of CNF was introduced into the matrix. The
hydrophilic nature of the cellulosic fibers and the aggregated areas would act as stress
concentration points that led to failure or early rupture and caused a reduction in the
tensile strength (Saba et al. 2016). This phenomenon could be further verified using
SEM.

The tensile modulus was observed to have a similar trend as that of the tensile
strength, where it also increased as the CNF loading increased from 0% to 1%. The
CNF-reinforced epoxy-based nanocomposites clearly showed higher tensile modulus
values compared with that of the neat epoxy composite, with the 1% CNF loading
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exhibiting the highest tensile modulus of 1.53 GPa. This result also demonstrated that
CNF has the ability to stiffen the epoxy matrix, as the incorporation of CNF increased
the tensile modulus of the nanocomposites. This result was accredited to good adhesion
between CNF and the epoxy polymer matrix, as shown through the SEM images. This
led to favourable interaction between the CNF and matrix, and the homogeneity of the
nanocomposites. Such results also can be attributed to the nanoscale of the fibrils. The
good dispersion of small-diameter CNF in the epoxy matrix led to eventual closure of
the space (void) in the polymer fibril-matrix through the filling of the voids by the CNF
particles, hence reducing the void contents in the composites (Svagan et al. 2007). The
decrease in the free space between the particles, which is also known as the inter-
particle distance, led to a reduction in the flexibility of the polymer chain, and therefore,
increased the tensile modulus (Abdul Khalil et al. 2013). However, the presence of
agglomerates in the 2% CNF-reinforced epoxy-based nanocomposites decreased the
tensile modulus.

In contrast to both the tensile strength and modulus, the elongation at break of
the nanocomposites decreased with an increasing CNF loading (Table 2). The neat
epoxy composite exhibited the highest elongation at break of 9.37%, whereas the
nanocomposite with a 2% CNF loading demonstrated the lowest value of 4.48%. This
reduction in the elongation at break was attributed to fiber aggregation, which formed
stress concentration points that require less energy to propagate cracks when a load is
applied. Hence, the stress was unable to efficiently transfer near the flaws during tensile
deformation and resulted in failure (Pan et al. 2009). This result was also explained by
the greater rigidity of the CNF compared with the brittle nature of the epoxy, which
diminished the amount of existing epoxy for elongation (Abdul Khalil et al. 2013).
Moreover, the reduction in the elongation at break upon incorporation of CNF occurred
because of the decline in deformability of the interface between the epoxy matrix and
CNF (Husseinsyah and Mostapha 2011). An excess amount of CNF also led to an
increase in the intermolecular interaction that might compete and interfere with the
interactions between the CNF and epoxy resin. This occurrence caused the miscibility
and compatibility of the nanocomposite system to be reduced, and therefore, decreased
the elongation at break of the nanocomposites (Svagan et al. 2007; Lani et al. 2014).

Flexural properties

Increasing the CNF loading from 0.3% to 1% boosted both the flexural strength
and modulus of the nanocomposites. This result demonstrated that the addition of small
quantities of CNF to the epoxy matrix is effective as a reinforcement material in
nanocomposites. The flexural strength of the neat epoxy composite gradually increased
from 51.5 MPa to 60.9 MPa in the 1% CNF nanocomposite (Table 2). Meanwhile, the
flexural modulus also increased from 1.53 GPa in the neat epoxy composite to 1.95
GPain the 1% CNF nanocomposite. This increase in the flexural strength was attributed
to the small size of the CNF, which provided more surface area, as well as the good
interaction and bonding between the CNF and epoxy matrix, which resulted in a better
stress transfer; therefore, the elastic deformation of the nanocomposites increased.
Additionally, the quality of the interface in the composites is determined by the static
adhesion strength and interfacial stiffness. These factors play a crucial role in the stress
transfer ability of the material from the epoxy matrix to the CNF, as well as the elastic
deformation. Therefore, the gradual increase in the stiffness and flexural strength of the
nanocomposites indicated that stress was effectively transferred via the interface. In
short, the interfacial adhesion of the CNF-epoxy matrix, coupled with the good
dispersion of CNF in the matrix, restricted the mobility of the matrix chain upon loading
and improved the flexural properties (Wu et al. 2010; Abdul Khalil et al. 2013). In the
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case of the 2% CNF loading, the nanocomposite exhibited a lower flexural strength
than that of the 1% CNF-reinforced epoxy-based nanocomposite. As was stated earlier,
the existence of agglomerates might have prevented strong interactions between the
CNF and epoxy matrix and reduced the homogeneity of the nanocomposites. Clumping
of the CNF acted as the weak point when stress was applied, which resulted in failure.
This phenomenon could be further verified using SEM.

Impact strength

The impact strength of a composite is defined as the ability of the polymer to
absorb energy during crack propagation and quick impact loading in the matrix
(Seydibeyoglu et al. 2013). According to Table 2, the impact strength of the
nanocomposites increased with the addition of CNF compared with the neat epoxy
composite. The maximum impact strength (7.89 kJ/m?) was observed at the 1% CNF
loading. However, increasing the CNF loading up to 2% caused a reduction in the
impact strength. Increasing the CNF loading led to an incremental change in the impact
strength as a result of the small size of the CNF, which provided a higher surface area
(Seydibeyoglu et al. 2013). Rapid crack propagation is initiated when a composite is
subjected to an impact. When the crack propagation reaches the CNF in the composite,
the CNF absorbs the impact energy and stops the crack propagation if there are strong
interfacial interactions between the CNF and epoxy matrix (Abdul Khalil et al. 2013).
In contrast, it was believed that the presence of CNF agglomerates favored poor
interfacial adhesion in the 2% CNF loading and thus, restricted the ability of the
nanocomposite to act against crack propagation as effectively as the rest of the
nanocomposites. It then consequently propagated a catastrophic crack and lowered the
impact strength (Steele et al. 2012). It was concluded from the results of this study that
the incorporation of CNF as a reinforcement material, even at low loadings, enhanced
the impact properties of the nanocomposites.

Morphological and Compatibility Analyses
Fracture surface morphology

The SEM micrographs of the cross-sections of the impact-fractured surfaces of
the neat epoxy composite and CNF-reinforced epoxy-based nanocomposites are
illustrated in Fig. 2. Variations in the surface morphology of the composites, including
crack propagation, interface bonding, and dispersion of the CNF in the polymer matrix,
were observed. Figure 2a shows that the surface of the neat epoxy composite was
smooth and had a glassy exterior, which was indicative of its typical brittle nature. The
pattern of cracks indicated that the brittleness of the pure epoxy composite resulted in
a low resistance against crack propagation during tensile or impact fracturing and thus,
lowered the mechanical strength (Dadfar and Ghadami 2013; Quan and lvankovic
2015). The cracks seen in the image were believed to propagate from the bottom to the
top of the composite. Figures 2b to 2f show the SEM micrographs of the fractured
surfaces of the 0.3%, 0.5%, 0.7%, 1%, and 2% CNF-reinforced nanocomposites. These
micrographs reveal that the pattern of cracks for all of the nanocomposites were
relatively different than that of the neat epoxy composite. The images of the CNF-
reinforced nanocomposites exhibit rough fractured surfaces with the presence of white
dots, which are the CNF. Moreover, the roughness and irregular fractured surface of
the nanocomposites showed that they were relatively less brittle, with the presence of
sharp edges and deep line markings between the surfaces of the cracks, which resulted
from rapid crack propagation (Yang et al. 2011; Saurabh et al. 2016).
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Fig. 2. SEM micrographs of the fractured surfaces of the (a) neat epoxy, and (b) 0.3%, (c)
0.5%, (d) 0.7%, (e) 1%, and (f) 2% CNF-reinforced epoxy-based nanocomposites

The fractured surfaces of the nanocomposites with 0.5% and 0.7% CNF
loadings did not show remarkable differences (Figs. 2c and 2d). This result could have
been attributed to the good dispersion and distribution of the CNF without aggregation
in the nanocomposites, as the reinforcement was introduced at a low loading
percentage. Proper dispersion and strong adhesion between the CNF and epoxy matrix
resulted in an improved tensile strength and modulus in the nanocomposites. Similar to
the neat epoxy composite, cracks in the CNF-reinforced epoxy-based nanocomposites
were believed to have propagated from the bottom to the top. Noticeably, a deep line
marking with no particle clumping was observed, and the surface became rougher and
more jagged with CNF loadings higher than 1%. This change was because of the higher
amounts of energy needed to break the nanocomposites, as the well-dispersed CNF
hindered the crack propagation pathway (Liu et al. 2011). Better resistance towards
crack propagation resulted in an increase in the tensile and impact properties of the
CNF-reinforced epoxy nanocomposites with CNF loadings up to 1%.

The 2% CNF nanocomposite suffered from a coarser texture with no wavy or
deep line markings, which was in contrast with the other samples. The addition of 2%
CNF to the neat epoxy caused the CNF to agglomerate in certain spaces and reduced
the effective interaction volume between the CNF and matrix. In this case, increasing
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the CNF concentration in the matrix up to a certain level will cause agglomeration to
occur, which is the result of poor dispersion and distribution of the CNF in the selected
area of the nanocomposites. The presence of agglomerates promoted blank spaces
within the matrix and caused poor CNF dispersion. Agglomeration leads to void
formation, which in turn could result in debonding of the matrix from the filler particles;
this is expected to lower the tensile strength as a result of weak interfacial bonding
between the reinforcement material and polymer matrix (Owolabi et al. 2017). Instead
of individual nanofibers, the agglomerated structure of the CNF would act as a stress
concentration point instead of being a reinforcement point. This stress concentration
would then cause the cracks to penetrate through the agglomerated structure and form
a weak point, which would initiate failure in the impact test (Jonoobi et al. 2012). No
large clumps of CNF were observed in the SEM micrographs when a low amount of
CNF (up to 1% w/w) was added to the epoxy matrix. Addition of CNF beyond 1%
could reduce the mechanical properties of the nanocomposites, as was discussed earlier.

Thermal Properties
Thermogravimetric analysis

The TGA and differential thermogravimetric (DTG) curves of the
nanocomposites are illustrated in Figs. 3 and 4, respectively. The initial degradation
temperature (Tonset), maximum degradation temperature (Tmax), and char residue of each
of the samples are displayed in Table 3.

Table 3. Thermal Properties of the CNF-reinforced Epoxy-based
Nanocomposites with Various CNF Loading

Initial Degradation Maximum Degradation

CNF Loading Residue
(%) Temperature, Temperature, (%)
Tonset (OC) Tmax (OC)

0 309.14 383.66 9.66
0.3 344.93 386.86 8.28
0.5 346.80 387.69 8.71
0.7 347.53 388.15 8.53
1.0 348.79 389.54 8.31
2.0 347.26 387.17 8.64
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Fig. 3. TGA thermograms of the CNF-reinforced epoxy-based nanocomposites with various
CNF loadings
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Fig. 4. DTG curves of the CNF-reinforced epoxy-based nanocomposites with various CNF
loadings

All of the samples demonstrated initial weight losses below 100 °C, which was
attributed to the evaporation of moisture. The Tonset O the neat epoxy composite was
309.1 °C, whereas the nanocomposites with 0.3%, 0.5%, 0.7%, 1%, and 2% CNF
loadings exhibited Tonset Values of 344.9 °C, 346.8 °C, 347.5 °C, 348.8 °C, and 347.3
°C, respectively. The Tonset Values showed that the thermal stability of the
nanocomposites slightly increased as the CNF loading increased from 0.3% to 1%.
However, a slight decrease in the Tonset Was observed for the 2% CNF loading. The
DTG curves show that the neat epoxy composite exhibited a Tmax 0f 383.7 °C. The Tmax
values of the 0.3%, 0.5%, 0.7%, 1%, and 2% CNF nanocomposites were observed to
be 386.9 °C, 387.7 °C, 388.2 °C, 389.5 °C, and 387.2 °C, respectively. The Tmax values
of the nanocomposites were higher than that of the neat epoxy composite, and increased
to 389.5 °C from 0.3% to 1% CNF loadings. Similar to the Tonset, the 2% CNF loading
caused a reduction in the Tmax. Furthermore, the amount of char residue at 800 °C
gradually decreased with the addition of CNF from 0% to 2% and was in the range of
8.3% t0 9.7%.

The addition of CNF at a low loading increased the thermal stability of the
nanocomposites. This result was consistent with the high thermal degradation
temperature of the CNF itself, coupled with the strong bonding between the CNF and
epoxy matrix. This strong bonding resulted from the increased cross-linking of the
epoxy resin and CNF, and the simultaneously reduced fiber-matrix interaction. The
improvement in the thermal stability of the nanocomposites could also have been
attributed to the high dispersion of the nanofibers in the epoxy matrix. The high thermal
degradation temperature allowed the CNF to absorb and shield more heat in the matrix
(He et al. 2011; Cross et al. 2013). There was also a limitation to the increase in the
thermal stability with an increasing CNF loading. In this case, a CNF loading above 1%
resulted in a slight reduction in the thermal stability. Agglomeration tended to occur as
the CNF had a strong tendency to interact with itself to minimize its surface energy
when a high concentration of CNF was introduced (Zare 2016). The agglomeration
caused the CNF-CNF interaction to be stronger than the CNF-matrix interaction. The
CNF did not impose any restriction on the molecular mobility, and therefore, decreased
the thermal stability of the nanocomposite (Zhou et al. 2012).
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CONCLUSIONS

1.

Cellulose nanofibers displayed excellent reinforcing effects, which led to
remarkable improvements in the overall properties of the epoxy-based
nanocomposites.

The compatibility and surface morphology study using SEM indicated that the
cellulose nanofibers (CNF) were homogeneously dispersed throughout the epoxy
matrix when a low CNF loading was used.

The addition of up to 1% CNF resulted in a good distribution of nanofibers, with
no evidence of agglomeration.

The strong interfacial bonding between the CNF and epoxy matrix resulted in
improved tensile, flexural, and impact properties in the CNF-reinforced epoxy-
based nanocomposites. The 2% CNF loading caused a decrease in the mechanical
properties.

It was evident that agglomeration and poor dispersion of the CNF weakened the
properties of the nanocomposite with a 2% CNF loading.

The TGA confirmed that the thermal stability of the nanocomposites was also
improved with the addition of CNF.
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