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ABSTRACT: Epoxy resin was filled with glass powder
to optimize the tensile and flexural strength of the com-
posite for structural applications by a research center in
the University of Southern Queensland (USQ). To reduce
costs, the center wishes to fill as much glass microspheres
as possible subject to maintaining sufficient strength of the
composites in structural applications. This project varies
the percentage by weight of the glass powder in the com-
posites. After casting the composites to the molds, they
were cured at ambient conditions for 24 h. They were then
postcured in a conventional oven and subjected to tensile
and flexural tests. The contribution of the study was that
if tensile and flexural properties were the most important
factors to be considered in the applications of the compo-

sites, the maximum amount of glass powder can be added
to the resin will be five (5) percent. It was also found that
the fractured surfaces examined under scanning electron
microscope were correlated with the tensile and flexural
strength It is also hoped that the discussion and results in
this work would not only contribute toward the develop-
ment of glass powder reinforced epoxy composites with
better material properties, but also useful for the investiga-
tions of tensile and flexural properties in other composites.
VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 123: 152–161, 2012
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INTRODUCTION

The most widely used and least expensive polymer
resins are the polyesters and vinyl esters; these ma-
trix materials are used primarily for glass fiber-rein-
forced composites. The epoxies are more expensive
and, in addition to commercial applications, are also
utilized extensively in polymer matrix composites
for aerospace applications; they have better mechani-
cal properties and resistance to moisture than the
polyesters and vinyl resins.1

Epoxy-based materials have been widely used in
coatings, as encapsulant for electronic components,
as adhesives, as foams used to produce low weight
castings for electronic applications and for coating
textiles because of their outstand mechanical, ther-
mal, and electrical properties.2,3 However, highly
cross-linked epoxy resins are rigid and brittle in na-
ture and have poor crack resistance, which limit
their many end-use applications, such as structural
materials. Recently, a lot of attempts have been used
to overcome these problems. Thus, a wide variety of
fillers have been added to the epoxy resins to
achieve an improvement of some properties, such as

fracture toughness. Previously used fillers have
included particulates, elastomers, and thermoplas-
tics.4–6 The addition of inorganic particles into epoxy
resins can increase modulus, hardness, and fracture
toughness. Although many studies of glass-rein-
forced epoxy composites have been described, rela-
tively little work has focused on systemic studies of
the physicochemical properties, such as surface free
energies, thermal properties, glass transition temper-
ature, electrical, and mechanical interfacial proper-
ties of hollow-glass microspheres-filled epoxy
composites. Therefore, there is more interest related
to the use glass powder spheres as fillers, due to
low density, high stiffness, low thermal conductivity,
and electrical properties.7

This research project is to investigate the yield
strength, tensile strength, Young’s modulus, flexural
strength, maximum flexural strain, and flexural
modulus of epoxy composites reinforced with vary-
ing percentage by weight of glass powder, the filler,
with a view to finding out the optimum percentage
by weight of the glass powder that can be added to
the composites.

MATERIALS AND METHODOLOGY

The epoxy resin used in this study is Kinetix R246TX
Thixotropic Laminating Resin, an opaque liquid, and
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the hardener used is Kinetic H160 medium hardener
which has a pot life of 120 min. Other hardeners like
H126, H128, H161, and H162 can also be used.8 The
glass powder was first mixed with epoxy resin, after
this the hardener, kinetic H160 medium was added.
The by weight ratio of resin to hardener used was
4:1.8 The composite was then cast to molds of tensile
and flexural test pieces and left to cure under ambient
conditions for 24 h. The specimens were taken out of
the molds and then postcured in oven at 40�C for 16
h, and then at 50�C for 16 h and finally at 60�C for 8
h. This is to ensure the heat distortion temperature
(HDT) is above 63�C. To bring the ultimate HDT to
68�C, another 15 h of postcuring will be required.8

The specimens were then subjected to tensile and
flexural tests.

The glass powder used was SPHERICELVR 60P18
(spherical) hollow-glass spheres. They are used to
enhance performance and reduce viscosity in paints
and coatings and as lightweight additives in plastic
parts. They are chemically inert, nonporous, and
have very low oil absorption. Typical properties of
the spheres are shown in Table I.9 SPHERICELVR

60P18 glass powder products offer formulators flexi-
bility in polymer composites. The addition of glass
powder to fiberglass reinforced plastics (FRP), epoxy,
compounds, and urethane castings can provide
weight reduction, cost savings and improved impact
resistance. Insulating features of glass powder also
work to the chemists’ advantage in thermal shock
and heat transfer areas. Two densities available are
0.6–1.1 g/cc; it provides choices to best fit mixing and
target weight requirements.10 The density of the glass
powder used in this research was 0.6 g/cc because
the other filler, ceramic hollow spheres, or SLG used
in similar study was 0.7 g/cc; this will give a better
basis for comparison of results obtained in the future.
No coupling agent has been used to modify the glass

powder surface. When used in polymer concrete, hol-
low spheres provide a cost effective alternative with-
out degrading physical properties. The particle size
of the white glass powder ranges from 6 to 32
microns with an average size of 18 microns.11 They
are therefore micron fillers. These fused inorganic
oxides are spherical and nonporous.
The reinforcement was glass powder particulates

and they were made 0 wt % to 35 wt % in the cured
epoxy composite. For each percentage by weight of
filler, there were six samples. Above 35% by weight
of filler, the slurry would be too sticky to be cast
into molds. The resin was an opaque liquid and was
first mixed with the hardener. After that the glass
powder was added to the mixture of the resin and
hardener, they were then mixed to give the uncured
composite. Table II shows the mass in grams of
resin, hardener, and glass powder required respec-
tively, to make 1000 g of uncured composite of 20%
by weight of glass powder.
The mixture of glass powder, resin, and hardener

was blended with mechanical blender to ensure a
more homogenous mixture. The mold for tensile test
pieces was illustrated in Figure 1. They were
clamped by nine screws and springy plastic clamps.
This proved to be effective and no seeping of the
slurry took place when the samples were cured
under ambient conditions. The screwed and tight-
ened mold combination was slightly vibrated to
facilitate the escape of the gases and this will

TABLE I
Typical Properties of Hollow Glass Spheres

Shape Spherical

Color White
Composition Proprietary glass
Density 1.1 g/cc and 0.6 g/cc
Particle size Mean diameter 11 and 18 microns
Hardness 6 (Moh’s Scale)
Chemical resistance Low alkali leach/insoluble in water
Crush Strength >10,000 psi

TABLE II
Weight of Materials Required to Make 1000 g of EP/GP (20%)

Parameters Materials Resin (R) Catalyst (C) R þ C Glass powder Composite

Ratio by weight 4 1 – – –
Percentage by weight – – 80 20 –
Weight of materials in 1000 g of EP/GP (20%) 640 (g) 160 (g) 800 (g) 200 (g) 1000 (g)

Figure 1 The mold with dimensions. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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certainly reduce the porosity of the specimens.
Finally, before pouring the uncured composite into
the mold, the upper surface of the lower plate, the
cavities of the mold, the two faces of the mold and
the lower surface of the upper plate were sprayed
with a releasing agent (wax) to enable easy release
of the samples after curing. The uncured composite
was then cast into the molds and cured in ambient
conditions. The molds for flexural test pieces were
similarly manufactured.

After initial 24-h curing when the test pieces were
removed from the mold, they were postcured. This
was achieved by curing the pieces in an oven. Oven
temperatures and times were

• 16 h at 40�C
• 16 h at 50�C
• 8 h at 60�C

It was necessary to cure the samples with the
above parameters because by curing the specimens
for 16 h at 40�C, the HDT of the samples would
become 53�C. By curing the specimens for 16 h at
50�C, the HDT of the samples would become 57�C.
By curing the specimens for 8 h at 60�C, the HDT of
the samples would become 63�C. The authors felt
that with a HDT of 63�C, the samples should be safe
to be flexurally tested at room temperature. The
gauge length of the tensile test pieces was 60 mm
and their other dimensions were shown in Figure 1.
The dimensions of the flexural specimens were 250
mm � 10 mm � 4 mm and tested at a cross-head
speed of 1 mm/min. The test pieces were then
tensile or flexural tested in accordance with an
Australian or ISO standards.12,13

RESULTS AND DISCUSSIONS

Figure 2 illustrates the yield strengths of varying
percentage by weight of glass powder reinforced ep-
oxy matrix composites. The yield strength of the

neat resin was 17.95 MPa, which was higher than
those of the composites with any percentage by
weight of glass powder other than 5 wt % (18.24
MPa) of glass powder. After dropping to 14.64 MPa
at 10% by weight of filler, it remained stable up to
20% percent by weight of glass powder. After this, it
dropped further to 13.62 MPa at 25% by weight of
filler and remained so up to 35% percent by weight
of glass powder. In general, the higher the percent-
age by weight of glass powder, the lower was the
yield strength. Table III shows the values of yield
strength mentioned above with their standard devia-
tions in brackets.
Figure 3 shows the tensile strengths of epoxy com-

posites with varying percentage of glass powder by
weight. The tensile strength of the neat resin was
24.80 MPa, which was only lower than that (25.14
MPa) of composite with 5% by weight of filler, but
higher than those of the composites with any per-
centage by weight of glass powder. At 10% by
weight of filler, the tensile strength dropped to 17.79
MPa; it then remained the same up to 20 wt % of
glass powder; after this glass powder reinforcement
dragged the values of tensile strength further down;
it dropped to 14.72 MPa when wt % of filler was
25% and remained so up to 35 wt % of glass pow-
der. The variation of tensile strength with respect to
percentage by weight of glass powder was the same
as that of yield strength. Table III shows the values
of tensile strength mentioned above with their stand-
ard deviations in brackets. It can be found that the
trend for the graphs of yield and tensile strengths
was the same and it can be argued that the results
were correct in trend because the trend was the
same with the graphs of yield and tensile strengths
of other fillers reinforcing other resins.14–16

The addition of small amount (up to 5 wt %) of
glass powder increased the yield and tensile
strengths of the composites because the resin could
encapsulate the glass powder particles easily. This
resulted in strong matrix/filler interaction and par-
ticipation of the filler particles in accommodating
the deformation force was a lot in these composites.
From 5 to 10 wt % of glass powder, the resin was
not enough to encapsulate the glass powder particles
completely, leading to the generation of a large
number of voids. Due to the presence of these voids,
the yield and tensile strengths of these composites
became weaker and the composites can be argued to
not only reduce in the stress bearing areas but also
had the voids acting as stress concentrators, initiat-
ing the cracks. Sen and Nugay observed similar
behavior for the tensile strength of fly ash filled ep-
oxy resin composites. They concluded that the pres-
ence of voids and the formation of air bubbles were
responsible for such lowering in strength.17 Ray
et al. also observed similar tendency for the flexural

Figure 2 Yield strength of epoxy composite reinforced
with varying glass powder by weight. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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strength of fly ash filled vinyl ester composites.
They also blamed voids for the lowering in flexural
strength.18 Bose et al. also reported a lowering in
tensile strength values of Nylon 6/fly ash compo-
sites with the increase in fly ash loading and in case
of flexural strength, they observed an initial rise up
to 20 wt % filler content, followed by a reduction in
values. The latter was similar to that of this study.19

The tensile strength of neat resin used in the study
(24.8 MPa) was much lower than that used by the
studies of Nakamura et al. (77.3 MPa) and Radford
(75.9 MPa). The former did not mention the epoxy
resin used and the latter used anhydride-cured ep-
oxy resin.16,20 In this study, the pot life of the hard-
ener is 120 min; therefore, the epoxy resin used
must be amine-cured as well. Effects of particle size
on the tensile properties of cured epoxy resins, filled
with spherical silica particles prepared by hydrolysis
of silicon tetrachloride, were studied by Nakamura
et al.16 Particles were sorted into five kinds of differ-
ent mean sizes in the range from 6 to 42 microns.
Static tensile tests were carried out. Tensile strengths
were found to increase with a decrease in the parti-
cle size but with increase particle contents.16 This
trend was supported by the tensile strength results
of epoxy/alumina trihydrate particulate composites
in Table IV.21 In this study, the tensile strengths
were found to decrease with increase particulate
loading and it can be argued that this happened

Figure 3 Tensile strength of epoxy composite reinforced
with varying glass powder by weight. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE IV
Tensile Strength of Alumina Trihydrate Filled Epoxy

Composites

Particle size
(microns)

Volume
fraction (%)

Tensile
strength (MPa)

Unfilled 0 75.9 6 8.8
1 10 58.0 6 3.4
8 10 29.9 6 1.7
12 10 27.2 6 2.4

Adapted from Ref. 14.
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because the glass powder particles had not been
treated by hydrolysis of silicon tetrachloride or
blended with coupling agent 3-glycidoxypropltrime-
thoxysilane (Markosi@ Silane KH-560).

Figure 4 shows the Young’s modulus of varying
by weight of glass powder reinforced epoxy matrix
composite. The Young’s modulus of the neat resin
was 2.91 GPa and that of 5 wt % glass powder com-
posite was 2.92 MPa; it dropped to 2.63 GPa when
wt % of glass powder was 15%. It remained stable
up until 25 wt % of glass powder. It then bounced
back to 3.02 GPa at 35 wt % of filler. Table III shows
the values of Young’s modulus mentioned above
with their standard deviations in brackets. From
neat resin to 20 wt % of glass powder, the yield
strength, tensile strength, and Young’s modulus
behaviors of the composites were more or less the
same. From 20þ wt % to 35 wt % of the filler, values
of yield and tensile strength decreased further with
increasing particulate loading, while those of
Young’s modulus moved in the opposite direction.
The Young’s modulus of the neat epoxy used in this
study was 2.91 GPa, while that used by Amdouni
et al.22 was 2.9 GPa. The latter used DGEBA/DDA
network epoxy resin. It can be argued that the epoxy
resins used in both studies were very similar in na-
ture. The addition of a low Tg (glass transition tem-
perature) component as a dispersed phase in the

thermoset matrix leads not only to a better fracture
toughness but also to a decrease of the modulus.22

This was true in this study as far as Young’s modu-
lus was concerned. The Young’s modulus of the sil-
ane-treated and elastomer-coated glass beads rein-
forced epoxy composites increased with increase
volume fraction of the filler as depicted in Table V.22

The cost of the resin was $14.5 per kg, while that
of its hardener is $29 per kg. The glass powder was
$3 per kg. For 5% by weight of glass powder, the
cost of 1 kg of the composite ¼ 0.76 � $14.5 þ 0.19
� $29 þ 0.05 � 3 ¼ $16.545. The reduction in cost ¼
$16:86�$16:55

$16:86 ¼ 1%; while the increase in tensile
strength ¼ 25:14MPa�24:8MPa

24:8MPa ¼ 1.5%. It can be found
that a reduction in cost by one percent is followed
by 1.5% increase in tensile strength. For other percen-
tages by weight of filler, the loss in tensile strength
will not be compensated by the reduction in cost. It
can be argued that 5 wt % of filler is the best.
Figure 5 shows the scanning electron microscope

image of neat epoxy resin postcured for a total of 40
h at 40�C, 50�C, and 60�C, respectively, at a magnifi-
cation of 200 times. Faint striations followed by a
‘‘turbulent flow" can be found in the fractured sur-
face of the neat resin. This shows that plastic defor-
mation had taken place in the resin. Figure 6 illus-
trates the scanning electron microscope image of
epoxy reinforced by 25 wt % of glass powder and
postcured for the same number of hours and tem-
peratures at a magnification of 200 times. Holes
were spotted and this explained why the tensile
strength (24.80 MPa) of neat epoxy resin was stron-
ger than that (14.72 MPa) of epoxy composite with
25 wt % of glass powder. The holes were formed
during the mixing process and the higher the

TABLE V
Young’s Modulus of Elastomer-Coated Glass Beads

Filled Epoxy Composites

Material
Interlayer

thickness (%)
Young’s

modulus (GPa)

0 % vol 0 2.9
10% vol silane treated – 3.5
20% vol silane treated – 4.6
30% vol silane treated – 5.6
10% vol 4.2 3.45
20% vol 4.2 4.45
30% vol 4.2 5.4

Adapted from Ref. 19.

Figure 4 Young’s modulus of epoxy composite reinforced
with varying glass powder by weight. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 5 SEM image of fractured neat epoxy resin, 200�.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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percentage by weight of glass powder, the more
holes would be expected.

Figure 7 shows the flexural strength of glass filled
epoxy composites. The flexural strength of neat resin
was 58.83 MPa and it rose to 59.32 MPa when wt
%of filler was 5% but dropped slowly to 58.13 MPa
when the particulate loading was 10%. The values of
the flexural strength of the 5 wt %and 10 wt % were
within the five percent markers of the neat resin as
depicted in Figure 7. There was a sudden drop in
flexural strength at 15 wt % to 36.87 MPa; after this
the drop was gradual and the flexural strength at 35
wt % was 16.56 MPa.

Zee et al. made epoxy composites from EPON 828
epoxy resin (of Shell Chemical Company) and alu-
mina powder (XA 3500 from Alcoa Company) by
varying the percentage by volume of the filler.
Anhydrite hardener was also used. Different anhy-
dride curing agents were used and the flexural
strength of neat epoxy resin was found to vary from
96.6 MPa to 117.3 MPa. The values dropped to a
range of 55.2–62.1 MPa when the particulate loading
was 10% but rebounded to values lower than those
of the neat resin.23 The flexural strength of neat resin
used in Zee et al. study was high when compared
with its counterpart in this study. The trend of the
curves of the flexural strength of the composites of
the two studies was different and this may be due
to the different fillers used. It can be argued that
some of the results of this study were better than
that of its counterpart because by having 5 wt % of
glass powder, the flexural strength was increased
and there was a reduction in cost. On the other
hand, the flexural strengths of the composites in this
study with over 10% of filler were lower than their

counter parts. This may be due to the devolatization
and degassing processes used by Zee et al.
Park et al. synthesized a potential epoxy resin, i.e.,

epoxidized soybean oil to toughen the tetrafunctional
epoxy resins (ESO). The ESO was blended with the
epoxy resins to obtain a modified network having
ESO content from 0 to 20 wt %. The neat epoxy res-
ins and modified networks were characterized for
thermal and mechanical properties. The thermal sta-
bility and glass transition temperature of the blends
were slightly decreased with increasing ESO loading.
This might be due to the reduction of cross-linking
density of the epoxy network, which could be attrib-
uted to the incomplete curing reaction in the blend
systems. The flexural strength of the neat resin was
112.6 MPa and it increased up to 6.8 wt % (133.8
MPa) ESO content. It then dropped back to 106.8
MPa at 20 wt % of SEO. This could be interpreted in
terms of the addition of larger ESO molecule weight
into the epoxy resins, resulting in increasing flexible
properties of the epoxy resins. The results indicate
that the ESO as an impact modifier was superior to
the liquid rubbers in both the thermal properties and
environmental compatibility.24

Fracture and impact behaviors of hollow-glass
microsphere epoxy resin composites were studied.
Volume fraction of microspheres for the composites
was varied up to 65%. Specific flexural modulus
marginally increased at some high volume fractions
of microspheres but not the fracture toughness. The
batch hollow microspheres used was soda-lime-boro-
silicate glass manufactured by 3M. It was found that
the specific flexural strength decreased progressively
with the volume fraction of the filler. The specific
flexural strength of the neat resin was 23.46 MPa/g/
cc. At a volume fraction of 65% of filler, the specific
flexural strength of the composite was 4.62 MPa/g/
cc.25 The mixing and preparation of the samples
were quite similar with those of this study but no
pressure was required for compacting the micro-
spheres because the wt % of glass powder used in

Figure 7 Flexural strength of glass filled epoxy compo-
sites. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 6 SEM image of fractured 25% glass powder filled
epoxy composite, 200�. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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this study was not many. However, the flexural
strength of the neat resin was low when compared
with that of this study. In addition, the flexural
strengths of composites in this study did not drop
significantly up to 10 wt % of filler but those of Kim
and Khamis dropped significantly with increasing
filler loading. The difference might be due to the dif-
ferent resins and hollow-glass microspheres used.

Inubushi et al. determined the flexural strength of
epoxy resin filled with mica flakes. Two types of ep-
oxy resins were used; one was aminimide-cured ep-
oxy resin matrix and the other was a conventional
epoxy resin reference matrix. The intact mica flakes
without surface treatment exhibit a substantial rein-
forcing effect on the flexural strength in the case of
aminimide-cured epoxy resin composites. On the
other hand, the reference epoxy resins behaved like
conventional matrix resins, exhibiting 30–40% reduc-
tion in flexural strength when a small fraction of
mica was added. In both cases, only up to 0.15 vol-
ume fraction of mica flakes were added.26 In both
cases of the study made by Inubushi et al., the val-
ues of the flexural strength (around 110 MPa) were
much higher than that in this study (58.83 MPa).

Figure 8 shows the maximum flexural strain of glass
filled epoxy composites. The maximum flexural strain
of the neat resin was 0.0292. As with the flexural
strength, the highest value of maximum flexural strain
was 0.030 and this was at 5 wt % of glass powder and
it dropped slowly to 0.0295 when wt % of glass pow-
der was 10%. The values of the maximum flexural
strain of the 5 wt % and 10 wt % were within the 5%
markers of the neat resin. There was a sudden drop in
maximum flexural strain at 15 wt % to 0.0183; after
this the drop was gradual and the flexural strain at 35
wt % was 0.0054. The trend of the curve of Figure 8
was at par with its counterpart in Figure 7. It can be
argued that since the trend for both curves was the
same, their values are reliable. Table VI depicts the
flexural strength, maximum flexural strain, and flex-
ural modulus of epoxy composites filled with glass
powder with their standard deviations.

Figure 8 Maximum flexural strain of glass reinforced ep-
oxy composites. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 9 shows the flexural modulus of glass pow-
der filled epoxy composites. The flexural modulus of
the neat resin was 2318.4 MPa. It dropped slowly to
1869 MPa when the particulate loading was 15%.
The drop in this range of particulate loading was
19.4%. The drop in stiffness was in line with that
obtained by dynamic thermal analysis.27 It then rose
to a high of 3051 MPa when the percentage by
weight of glass powder was 30% after this it
changed not much. At higher particulate loading,
the stiffness of the composites increased and the
flexural modulus increased as well.

The flexural modulus of the work of Part et al.
decreased slightly with increasing ESO loading. The
flexural modulus of the neat resin was 3.64 GPa
while that of 20 wt %of ESO was 2.99 MPa. The flex-
ural modulus of the neat resin of this study was
lower than that of Park et al. and this might be due
to the different resin used and might also be due to
the presence of some porosities inside the samples

because no degassing was performed with the
uncured composites. The specific flexural modulus
of neat resin obtained by Kim and Khamis was 3.10
GPa/g/cc; the specific modulus initially dropped
slightly to 2.93 GPa/g/cc when the volume fraction
of the filler was 30%; it then increased slightly to
3.64 GPa/g/cc when the volume fraction of the filler
was 65%.24 The flexural modulus of neat resin of
this study was lower than that of Kim and Khamis.
The flexural moduli of composites of this study
were also lower than those of Kim and Khamis.
However, the trend of the flexural modulus was the
same in both cases (Fig. 9). The flexural modulus of
aminimide-cured mica flakes reinforced epoxy resin
composites increased exponentially with increasing
volume fraction of the reinforcement, provided only
up to 0.15 volume fraction of mica flakes were
added.26 The flexural modulus of neat resin was
around 2.7 GPa, which was not far from the one (2.3
GPa) obtained in this study.24

Figure 10 shows the scanning electron microscope
(SEM) image of fractured neat epoxy resin from
3-point bending test at a magnification of 200 times.
Faint striations followed by a ‘turbulent flow’ can be
found in the fractured surface of the neat resin. This
shows that plastic deformation had taken place in
the resin, on which failure took place. Figure 11
shows the SEM image of fractured 15 wt % of glass
powder filled epoxy composite, 500X. A lot of frac-
tured glass powder particles can be found and it can
be argued that failure took place on the glass pow-
der particles rather than on the resin; this is why the
flexural strength of the 15 wt % was much lower
than its neat resin counterpart. Figure 12 illustrates

Figure 9 Flexural modulus of glass powder filled epoxy
composites. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 10 SEM image of fractured neat epoxy resin from 3-
point bending test, 200�. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 11 SEM image of fractured 15% by weight of
glass powder filled epoxy composite, 500�. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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the SEM image of fractured 30 wt % of glass powder
filled epoxy composite, 1000�. It can be found that
there were a large number of glass powder particles
as the particulate loading was 30%. Failure would
have taken place on the glass powder and hence the
flexural strength (16.56 MPa) was even lower than
that of its 15 wt % peer (36.87 MPa). The drop was
nearly 75% in flexural strength when compared with
neat resin.

The cost of the resin was $14.5 per kg, while that
of its hardener is $29 per kg. The glass powder was
$3 per kg. For 5% by weight of glass powder, the
cost of 1 kg of the composite ¼ 0.76 � $14.5 þ 0.19
� $29 þ 0.05 � 3 ¼ $16.545. The reduction in cost ¼
$16:86�$16:55

$16:86 ¼ 1%; while the increase in flexural
strength ¼ 59:32MPa�58:83MPa

58:83MPa � 1%. It can be found
that a reduction in cost by 1% was followed by 1%
increase in flexural strength. For other percentages
by weight of filler, the loss in tensile strength will
not be compensated by the reduction in cost. It can
be argued that 5% by weight of filler is the best.

By plotting the tensile and flexural properties to-
gether in Figure 13, it can be found that the trend of
the yield, tensile, and flexural properties were the
same and consistent. The maximum value of each of
the three mechanical properties occurred at 5 wt %
of filler. The value of the three mechanical properties
dropped significantly at 15 wt % of filler. After this,
the values remained more or less the same. From
the above observations, it can be argued that the val-
ues were correct as the standard deviations of the
values of those mechanical properties were low as
well (Table VI).

CONCLUSIONS

This study has evaluated the yield strength, tensile
strength, Young’s modulus, flexural strength, maxi-
mum flexural strain, and flexural modulus of vary-
ing percentage by weight of glass powder reinforced
epoxy resin; in all cases, the fluidity of the slurry
composite was high and could be cast easily into
molds. The values with no filler had also been com-
pared with those found by other studies but the ten-
sile properties of some cases did not agree with this
study and some did. Since the sizes of porosities of
the composites found in this study were very small,
it can be argued that the values of tensile properties
obtained were very good and reliable as their stand-
ard deviations were low. Some air bubbles were
found due to imperfect manufacturing of the sam-
ples. This can be improved by degassing the mixture
before pouring it into the molds. The flexural
strength of the glass powder filled epoxy composites,
except at 5 wt %, decreased with increasing particu-
late loading and the trend was similar to other stud-
ies with epoxy resins but different fillers. It can be
argued that the adhesion and interaction between ep-
oxy resin (matrix) and glass powder (reinforcement)
is improved by adding 3-glycidoxypropltrimethoxy-
lina as coupler, its tensile and flexural properties at
higher wt % of glass powder will be improved. As
far as tensile and flexural properties are concerned,
the best percentage of glass powder was 5 wt % as
the 1.5% increase in tensile strength is followed by
1% decrease in cost as well as 1% increase in flexural
strength is followed by 1% decrease in cost.
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14. Ku, H. Relationship between different mechanical properties
of phenol formaldehyde SLG reinforced composites, J Reinfor
Plast C, to appear.

15. Ku, Trada, M.; Cecil, T.; Wong, P. Tensile properties of pheno-
lic resin reinforced with glass powder: Preliminary results. J
Appl Polym Sci, to appear.

16. Nakamura, Y.; Yamaguchi, M.; Okubo, M.; Matsumoto, T.
Effects of particle size on mechanical and impact properties of
epoxy resin filled with spherical silica. J Appl Polym Sci 1992,
45, 1281.

17. S. Sen.; Nugay, N. Uncured and cured state properties of fly
ash filled unsaturated polyester composites. J Appl Polym Sci
2000, 77, 1128.

18. Ray, D.; Bhattacharya, D.; Mohanty, A. K.; Drzal, L. T.; Misra,
M. Static and dynamic mechanical properties of vinylester
resin matrix composites filled with fly ash. J Appl Polym Sci
2006, 291, 784.

19. Bose, S.; Mahanwar, P. A. Effect of Flyash on the mechanical,
thermal, dielectric, rheological and morphological properties
of filled nylon 6. J Minerals Mater Charact Eng 2004, 3, 65.

20. Radford, K. C. The mechanical properties of an epoxy resin
with a second phase dispersion. J Mater Sci 1971, 6, 1286.

21. Fu, S.; Feng, X.; Lauke, B.; Mai, Y. Effects of particle size, par-
ticle/matrix interface adhesion and particle loading on me-
chanical properties of particulate-polymer composites.
Compos Part B 2008, 39, 933.

22. Amdouni, N.; Sautereau, H.; Gerard, J. F. Epoxy composite
based on glass beads: II mechanical properties. J Appl Polym
Sci 1992, 46, 1723.

23. Zee, R. H.; Huang, Y. H.; Chen, J. J.; Jang, B. Z. Properties and
processing characteristics of dielectric-filled epoxy resins.
Polym Compos 1989, 10, 205.

24. Park, S.; Jin, F.; Lee, J. Thermal and mechanical properties of
tetrafunctional epoxy resin toughened with epoxidized soy-
bean oil. Mater Sci Eng A 2004, 374, 109.

25. Kim, H. S.; Khamis, M. A. Fracture and impact behaviours of
hollow micro-sphere/epoxy resin composites, Compos: Part A
2001, 32, 1311.

26. Inubushi, S.; Ikeda, T.; Tazuke, S.; Satoh, T.; Terada, Y.; Kuma-
gai, Y. Excellent flexural properties of aminimide-cured epoxy
resin as a matrix for mica-dispersed polymer composites. J
Mater Sci 1988, 23, 1182.

27. Ku, H.; Maxwell, A.; Wong, P.; Huang, J.; Fung, H. Relation-
ship between electrical and mechanical loss tangents of hol-
low glass powder reinforced epoxy composites: A pilot
study. J Compos Mater, to appear.

GLASS POWDER FILLED EPOXY RESINS 161

Journal of Applied Polymer Science DOI 10.1002/app


