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In this study, the influence of micro- and nano-filler content on the mechanical properties of epoxy composites was studied. The matrix material
is epoxy; the micro-fillers are Al,03, TiO, and fly ash added in 10 wt% to 30 wt% by weight ratio; the nano-fillers are Al,03, TiO, and clay added
in 2.5 wt% to 10 wt% by weight ratio. Test samples were prepared using an open mould type die. Tensile, three-point bending and hardness
tests were carried out. The tensile strength, elastic modulus, elongation at break, flexural strength, flexural modulus, and the hardness of the
composite materials were obtained and evaluated. The results show that the tensile strength, flexural strength and elongation at the break
values of composites decreased while the tensile modulus and flexural modulus increased with the increasing micro- and nano-filler content

ratio.
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Highlights

»  This paper highlights possible reasons for variations in the mechanical properties of composites filled with nano- and micro-
filler to compare the mechanical property of composites containing various amounts of nano- and micro-fillers.

*  Small amounts of nano-size particles in epoxy have a strong effect on both tensile and flexural strength as well as ductility.

*  Agglomeration problems have been observed at a higher amounts of filler ratios in composites.

0 INTRODUCTION

Various fillers have been used to design the desired
properties in the polymer matrix. These fillers
are mineral fillers, agricultural and/or puzzolanic
wastes. In this field, researchers have studied the
effects of particle shape, filler type, size, content
ratio, and adhesion between matrix and fillers on the
mechanical properties of polymer composites. Zaman
et al. [1] studied the micro- and nano- ZnO-filled
polypropylene composites with filler ratios between
2 wt% to 8 wt%. Nano-filled composites showed
better results than micro-filled composites at the
same filler ratios. They stated that the dispersion of
particles is optimal in the 5 wt% filler content because
the morphology images and dispersion of nano-fillers
were better, which led to stronger interfacial adhesion
between matrix and fillers. Gao et al. [2] studied
nano- CaCOs-filled polystyrene composites. They
concluded that fillers added stiffness to the polymer
composite, but increasing the filler ratio beyond that
point caused an agglomeration of particles, which
decreased the adhesion between matrix and fillers
and caused a drop in the mechanical strength of the
composite. Agubra et al. [3] investigated the effects of
dispersion methods on the mechanical behaviour of
nano-clay-filled glass fibre epoxy composites. They
stated that increasing viscosity causes problems in
the homogeneous dispersion of fillers and results in

the agglomeration of the filler particles. Lam et al.
[4] studied the hardness values of nano-clay-filled
epoxy composites. They stated that the hardness
values of the composite is increased by adding nano-
clay fillers up to a limit and then decreased because
of clusters at the high filler ratios. Yasmin and Daniel
[5] investigated graphite-filled epoxy composites with
2.5 % to 5 % by weight filler ratios. They concluded
that the tensile strength and modulus of the composite
are increased by adding fillers, and an agglomeration
of fillers occurred at a 5 wt% filler ratio. Sayer [6]
used ceramic fillers, such as SiC, Al,O;, and B4C,
in the glass-reinforced epoxy resin. He concluded
that the elastic modulus and buckling load carrying
capability of composites were increased by adding
ceramic fillers. Asi [7] studied the mechanical
properties of Al,Os-filled glass fibre-reinforced epoxy
composites. He concluded that the tensile strength
of composites decreased with the addition of Al,O;
fillers. While the bending strength increased up to 10
wt% filler ratio and decreased at higher ratios. Yang et
al. [8] studied the mechanical properties of rice husk
flour-filled polypropylene composites. They stated
that high filler ratios increased the interfacial area and
made the polymer composite brittle. Thus, the tensile
and impact strength of the composites decreased
while the tensile modulus increased. Ibrahim et al. [9]
investigated oil palm ash-filled unsaturated polyester
composites with 10 wt% to 30 vol% filler ratios. They
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observed an increase in the modulus and a decrease in
the tensile and flexural strength of the composites with
added filler materials. Li et al. [10] studied rice bran
carbon/nitrile rubber composites. They investigated
different particle size effects and reached a better
dispersion with small particle fillers. Increasing the
particle size and the filler ratio caused difficulties in
the homogeneous dispersion of fillers, leading to weak
adhesion between matrix and fillers. Imoisili et al. [11]
investigated cocoa pod-filled epoxy composites with
5 wt% to 30 wt% filler ratios. They stated that the best
dispersion of the filler was at the 5 wt% filler ratio.
Furthermore, the mechanical strength values decreased
while modulus and microhardness values increased
when fillers were added. Ray et al. [12] studied the
mechanical properties of fly ash-filled vinylester
composites. They stated that the fly ash increased the
stiffness and rigidity of composite, but the mechanical
strength was reduced with a high content ratio. Raja
et al. [13] studied fly ash-impregnated glass fibre-
reinforced polyester composites. The addition of 10
wt% fly ash improved the mechanical properties of
the composite. Chauhan and Thakur [14] investigated
the filler size and loading effects on the mechanical
and tribological performance of cenosphere-filled
vinylester composites. They stated that the mechanical
and tribological performance increased, and optimum
values were obtained with a 6 wt% filler ratio.
Prakash et al. [15] investigated the influence of micro-
and nano-fillers on the mechanical properties of
pultruded unidirectional glass fibre-reinforced epoxy
composite systems and concluded that the improved
mechanical properties indicate that the unidirectional
glass fibre-reinforced epoxy with combined micro-
and nanofiller-filled composite is a good candidate
for structural application. Manjunath et al. [16]
studied the effect of filler content on the performance
of epoxy/PTW composites and concluded that PTW
additions showed beneficiary effects on the density,
hardness, and stiffness properties of composites;
however, strength properties and ductility were found
to decrease with the increasing content of PTW.
Finally, Sudheer et al. [17] gave a general review of
epoxy composites and particularly on ceria epoxy
nanocomposites.

In this study, the influence of the micro- and
nano-filler content ratios of the mechanical properties
of epoxy composites was studied. For this purpose,
tensile, three-point bending, and hardness tests
were carried out. Tensile strength, elastic modulus,
elongation at break, flexural strength, flexural
modulus and the hardness of the epoxy composites
were obtained and evaluated.

2 EXPERIMENTAL
2.1 Materials

In this study, epoxy resin is the polymer matrix
material. Micro-fillers, such as aluminium oxide
(AL,Oy), titanium dioxide (TiO,) and fly ash, were
added at a 10 % to 30 % by weight ratio. Nano-fillers,
such as aluminium oxide (Al,O3), titanium dioxide
(TiO,) and nanoclay, were added at 2.5 % to 10 % by
weight ratios. The materials used and their properties
are given in Table 1.

Table 1. Properties of materials used

Materials Properties Density  Supplier
[gr/cm3]
Epoxy resin Bisphenol A 1.178 Dost Chemia
(MGS L285) Co.
Aluminium oxide (Al,0) 45 um 3.90 Eczacibasi
Esan Co.
Titanium dioxide 50 um 4.00 Sintas
(Ti0y) Plastic Co.
Fly ash 45 um 2.00 Kutahya
Cement Co.
Aluminium oxide 40 nm 3.88 Grafen
(Al,03) Chemia Co.
Titanium dioxide 10 nm, 3.90 Grafen
(TiOy) anatase Chemia Co.
Nanoclay (Montmorillonite ~ Nanomer 1.90 Sigma
modified with Trimethy! 10 um Aldrich

stearyl ammonium)

2.2 Composite Preparation

In the composite material preparation process, the
filler was dried in an oven at 70 °C for 4 h. The epoxy
resin was heated in order to reduce viscosity before
mixing. Fillers were then added into the resin and
mixed using mechanical stirrer for 2 h. During this
stage, vacuum processes were used to remove the
entrapped air. After that, the hardener (Curing agent
MGS LH 285) was added and mixed manually. The
vacuum process was again applied. Afterwards,
composite resin was poured into the open moulds. In
the case of nano-filler, before the hardener was added,
the resin was subjected to an ultrasonic method for 15
min. Finally, specimens in the moulds were tested at
room conditions for 24 h, following which they were
placed in an oven and heated at 60 °C for 15 h and 80
°C for 5 h for post-curing in order to cross-link.
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3 RESULTS

Standard tensile tests were performed using a
Shimadzu test machine with a crosshead speed of 5
mm/min at room temperature (23 + 1 °C). The tensile
strength value was determined according to the
ASTM D638-10 standard [18]. The tensile strength,
elastic modulus and strain [%] values were obtained
and evaluated. Three-point bending tests were carried
out using a Shimadzu test machine according to the
ASTM D790-10 [19] standard. The test specimen
dimensions were 3.2 mm x 12.7 mm X 127 mm and
the test speed was 2 mm/min. Flexural strength,
flexural modulus, and elongation at break values were
obtained and evaluated.

Flexural stress was calculated according to Eq.

(1):
3FL
o=—,
2bd*

where o is the flexural stress [MPa], F is the load [N],
L is the span [mm], b is the specimen width [mm] and
d is the specimen thickness [mm)].

Flexural modulus was calculated according to Eq.

(M

@):
L'm
" Db .

where Ep is the flexural modulus [MPa], L is the span
[mm], b is the specimen width [mm], d is the specimen

thickness [mm], and m is the slope of the linear region
of the load-displacement curve.
Bending strain was calculated according to Eq.

3):

o 6§d’ 3)
where ¢ is the strain [mm/mm], D is the maximum
displacement at the central point of the specimen, d is
the specimen thickness [mm], and L is the span [mm].

Finally, the hardness test was carried out with a
Barcol hardness tester according to the ASTM D2583-
07 [20] standard.

All tests were repeated at least between 3 to 5
times, and the results were recorded and plotted, see
Figs. 1 to 8.

Fig. 1 presents the relationship between the
tensile strength and filler content of micro- and nano-
epoxy composites. It is clear that the tensile strengths
of micro-filled composites decreased with increasing
filler content ratio. The results also show the reduced
sensitivity of the strength of Al,O5 filled composites to
the change in filler content ratios. In the case of nano-
filler, the strength is in an increase up to 2.5 % filler
content. This increase is about 8 % and 12 % for nano-
TiO, and nano-Al,Os-filled composites, respectively.
Beyond this ratio, there is some drop in the strength of
the composite.

Fig. 2 shows the variation of tensile modulus of
micro- and nano-filler composites with filler content.
In this figure, the tensile modulus of epoxy composites
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Fig. 1. The relationship of tensile strength against filler content of micro and nano epoxy composites
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Fig. 2. The relationship of tensile modulus against filler content of micro and nano epoxy composites

increased with increasing filler content. Micro- and
nano-fillers increased the polymer stiffness, and this
increased its modulus. With a 200 % increase in filler
content, there is a 50 % increase in the modulus for
both Al,O3- and TiO,-filled epoxy composites. In the
case of nano-fillers, for a 300 % increase in nano-
filler content, the modulus of nano-Al,03, nano-TiO,
and nano-clay increased by 9 %, 9.6 %, and 24 %,
respectively.

Fig. 3 presents the variation of elongation at
break with filler content for micro- and nano-epoxy
composites. It is clear from this figure that the
elongation-at-break values decreased with increases
of the filler content of the composite. The fillers gave
the matrix the brittle behaviour. For a 200 % increase
in micro-Al,O3;, TiO, and fly ash filler content,
the decreases in the elongation at break are 50 %,
66 %, and 65 %, respectively. For a 300 % increase
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Fig. 3. The relationship of elongation at break against filler content of micro and nano epoxy composites
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Fig. 4. The relationship of flexural strength against filler content of micro- and nano-epoxy composites

in nano-Al,O3, nano-TiO, and nano-clay content, the
decreases in the elongation at break are 37 %, 34 %,
and 60 %, respectively.

Fig. 4 shows the flexural strength against filler
content curves of micro- and nano-epoxy composites.
In this figure, the flexural strengths of micro-
composites decreased with increasing filler content,
and this decrease ranged between 12 % to 45 %. The
nano-composites follow an increasing trend up to

6000

2.5 % to 5 % ratios, and then a decreasing trend at
higher filler ratios; 2.5 wt% filled nano Al,O; showed
the highest increase at 12 %. The nano-TiO,-filled
composite reaches a 13 % increase in flexural strength
at 5 a wt% filled ratio. The nano-clay-filled composite
follows a decreasing trend, and this decrease reaches
20 % at the 10 % filler ratio.

Fig. 5 shows the relationship between the flexural
modulus filler content of micro- and nano-epoxy
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Fig. 5. The relationship of flexural modulus against filler content of micro and nano epoxy composites

The Influence of Micro- and Nano-Filler Content on the Mechanical Properties of Epoxy Composites 605



Strojniski vestnik - Journal of Mechanical Engineering 61(2015)10, 601-609

10

Elongation at break at bending [%]
(9]
ca b b b b by by by by v by a s

& ALO,
o[ =To, A ?
—A—Fly ash
——Nano A0, -
11 |-0—Nano TiO, -
—X— Nanoclay
0 T T T T
Nano 0 25 5 10
T T T T
Micro 0 10 20 30

Filler content [wt%)]

Fig. 6. The relationship of elongation at break at bending against filler content of micro and nano epoxy composites

composites. As the fillers increased the rigidity and
stiffness behaviour in the polymer composite, the
flexural modulus increased with the increasing filler
content. The highest flexural modulus values were
reached with 30 wt% micro-filler content composites.
For a 200 % increase in micro Al,Os, TiO, and fly ash
content, there are 57 %, 47 % and 53 % increases in
the flexural modulus of the composite, respectively.
For a 300 % increase in nano-filler content, there are
9 % and 45 % increases in nano-TiO, and nano-clay

epoxy composites flexural modulus, respectively. In
the case of nano-Al,Oj;, there is an increasing and
decreasing behaviour of 12 %.

Fig. 6 presents the variation of elongation at
the break with filler content for micro- and nano-
epoxy composites. As the presence of rigid fillers
increased the matrix’s brittle behaviour, which was
reflected as reduced eclongation at the break values
of the materials, the figure shows that the minimum
clongation at break values occurred at the maximum
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Fig. 7. The relationship of hardness against filler content of micro and nano epoxy composites
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Fig. 8. Fracture surfaces of tensile test specimens, a) Pure epoxy,
b) 20 wt% Al205 filled, ¢) 20 wt% TiO, filled, and d) 5 wt% nano
TiO, filled

filler ratio in the composites. For a 200 % increase in
micro Al,Os, TiO, and fly ash filler content, there are
decreases in the elongation at break values of 72 %,
80 %, and 87 %, respectively. In the case of nano-filler
for a 300 % increase in filler content, there are 39 %,
45% and 78 % decreases in the elongation at break for
nano-Al,O3, nano-TiO,, and nano-clay composites,
respectively.

Fig. 7 shows the variations in the hardness of
micro- and nano-epoxy composites with filler content.
It is clear that the hardness of the composites increased
with increasing filler content. Again, the rigid fillers
increased the hardness of the epoxy resin. Apart
from fly ash and nano clay-filled epoxy composites,
all composites followed an increasing profile with
increasing filler content. There is an increase of 30 %
to 50 % in hardness value with an increase of 200 %
to 300 % in filler contents.

Fig. 8 shows the fracture surface of the tensile
specimen for pure epoxy, 20 wt% Al,O5, 20 wt% TiO,
and 5 wt% nano-TiO, epoxy composites. It is clear
that the filler-filled composites fracture is a brittle
mechanism-type failure.

4 DISCUSSIONS

It is clear from the results that the tensile strengths
of micro-filled composites decreased with increasing
filler content ratios. This could be explained as the
increasing filler content caused the weak adhesion
between matrix and fillers and led to the decrease
of the strength of the epoxy composite. In the case
of nano-filler, the drop in strength is due to the non-
homogeneous distribution of fillers at high filler
ratios, which led to the agglomeration and caused
stress concentration regions, leading to some drop
in the strength. The decrease in nano-clay-filled
epoxy composite strength could be explained by the
agglomeration problem even at low filler content
ratios.

The drop in elongation at break values of the
composite with filler content could be explained as
the elastic properties of the composite depend on the
polymer matrix, which shows brittle behaviour in the
presence of the fillers. This is because these fillers
restrict the mobility of the polymer, and the higher
the filler content is, the higher the brittleness of the
composite is.

The decrease in the flexural strength of the
composites could be explained by the agglomeration
of the nano-fillers at higher ratios and by the presence
of weak adhesive between the filler and matrix
materials at high micro-filler contents. The increase in
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flexural modulus with the increasing filler content is
because the fillers increased the rigidity and stiffness
behaviour of the polymer composite.

In most cases, the filler increased the hardness
of the composite. In the case of fly ash and nano-clay
and a high filler content ratio, a small drop in hardness
value was observed. This could be explained by the
weakness in the adhesion between the epoxy matrix
and filler materials. Lam et al. [4] explained that
increasing the filler ratio caused the increasing cluster
in the nano clay filled composite and a decrease in the
hardness value of the epoxy composite.

In general, it is clear from Figs. 1 to 7 that the
filler content has a significant effect and enhancement
on most of the mechanical properties of epoxy
composites but this is only effective up to certain
filler ratio levels. In the case of micro-fillers, overly
high levels of filler content cause a weakness in the
adhesion force between the matrix and the filler, while
high levels of nano-fillers show an agglomeration
problem. Hence, a drop or weakness in the mechanical
properties of the epoxy composite occurs.

5 CONCLUSIONS

From this study the following conclusions are reached:

* The tensile strength, flexural strength and
elongation at break values of micro-filler Al,O;,
TiO,, fly ash and nano-fillers Al,O3, TiO,, clay
epoxy composites decreased with increasing filler
ratio.

e The tensile modulus and flexural modulus of
micro-filler Al,O3, TiO,, fly ash and nano-fillers
Al,Os, TiO,, clay epoxy composites increased
with increasing filler content.

In general, the hardness of the micro-filler Al,O3,
TiO,, fly ash and nano-fillers Al,0O3, TiO,, clay epoxy
composites increased with increasing filler content.

*  Epoxy composites showed brittle behaviour with
the addition of the filler.

e The problem of the agglomeration of the filler is
present at higher nano-filler ratios

e The results are in agreement with the results
reached by [3], [4] and [13].
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