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Abstract. An E-glass-reinforced epoxy-based nanocomposite containing organomodified nanoclay (15-20 nm) and
calcium silicate particles (75-149 um) was developed through mechanical shearing mixing and hand layup tech-
niques. Three weight fractions (2, 3 and 4 %) of nanoclay were selected to study the effects of nanoclay on mechanical
and wear behaviour of nanocomposites. Tensile and flexural properties of nanocomposites were evaluated and com-
pared. The wear properties were evaluated for three speed (3.14, 4.19 and 5.24 ms~!) and load (20, 50, and 80 N)
conditions based on a design of experiment (L16 matrix) concept. The wear loss results were statistically analysed
to study the significance of load, speed and nanoclay content. The morphologies of wear surface and fracture sur-
face were examined with the aid of a scanning electron microscope (SEM) to identify the wear and fracture mecha-
nisms. It was found that the wear loss increases with increasing nanoclay amount due to the particle agglomeration
effects. Statistical analysis determines that the load is the most significant parameter affecting the wear resistance of
nanocomposites. The mean and S/N ratio analyses rank the parameters significance in affecting wear resistance as
follows: load > nanoclay content > speed. The wear mechanisms of nanocomposites are complex due to the obser-
vation of multiple features such as fibre thinning, matrix wear and fibre/matrix debonding as against abrasive wear
in the pure epoxy. Tensile and flexural test results show that a good dispersion of nanoclay is achieved with 2 wt%
amount in epoxy-based nanocomposites. The mechanical properties degrade above 2 wt% due to the excessive rein-
forcement, uneven distribution and the particle agglomeration effects. Fractography studies of tension-failed sam-
ples show that pure epoxy resin fails by multimode gauge explosive mode, whereas nanocomposites fail mainly by

the matrix/fibre interface failure and fibre breakages.
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1. Introduction

Light weight with superior performances is a key design
requirement to increase the payload and fuel efficiency and
reduce environmental pollutions in the automobile, packag-
ing and aerospace applications. Polymer matrix composites
are very popular in the applications of lightweight aircraft
and automobile structures. Particularly, epoxy-resin-based
reinforced composites are the prepared choice because of the
superior physical, thermal, electrical and mechanical prop-
erties, ease of processing, excellent wettability with various
reinforcements, less moisture pick-up, low density and duc-
tile nature of the epoxy resin [1,2]. The glass or carbon or
Kevlar fibres are commonly reinforced into epoxy resins to
improve the strength, stiffness and degradation resistance of
an epoxy resin. However, continuous reinforcements do not
help much to improve the matrix wear due to the anisotropic
properties, the matrix wear, the interface failure and the high
tendency for fibre breakages [3]. The particle or filler addi-
tion is one of the good ways to improve the matrix wear
resistance. The fillers reduce the matrix adhesion tendency
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and the matrix contact area with the countersurface. Also,
the fillers modify the epoxy resin and improve the strength,
stiffness and fracture toughness [4,5].

The incorporation of a very small amount of nanosize par-
ticles or platelets or fillers (<5 vol%) has long been recog-
nized to show a positive effect on thermal, mechanical and
tribological properties of polymer matrix composites [4,6—8].
Among various nanosize phases, nanoclays are the cheap-
est nanosize platelet fillers incorporated to the epoxy-based
composites to improve the toughness, impact, thermal, chem-
ical and wear resistance properties, flame retardancy, dimen-
sional stability, barrier and optical properties in addition to
the strength and stiffness [9-11]. These fillers have a large
specific surface area due to their nanosizes that helps form a
strong chemical interface with the epoxy matrix [12]. Also,
as the size of the particle reduces, the number of particles
increases for a fixed volume fraction. Thus, for an equal vol-
ume fraction, the nanoparticle-reinforced composite has sig-
nificantly much higher number of particles per unit area or
smaller interparticle spacing than the micron-size-particle-
reinforced composites [4,13]. The polymer interface regions
between adjacent particles shrink and overlap, which sig-
nificantly alter the bulk properties of the composites [8].

107


http://crossmark.crossref.org/dialog/?doi=10.1007/s12034-016-1355-z&domain=pdf
http://orcid.org/0000-0002-1900-9692

108

The higher population of particles provides very effective
obstacles to the growing cracks in addition to bearing the
load, and hence the energy consumption for crack propaga-
tion increases, resulting in significant improvement in the
toughness and impact resistance [15].

Another area where polymer matrix composites have
abundant potential is sliding contacts, bearing and lining in
industrial applications because of the excellent shock resis-
tance and damping capacity and the ability to work in less
power with minimum maintenance [1,15]. The inclusion of
nanoparticles has a significant effect in improving tribolog-
ical properties such as high wear resistance and less fric-
tion of the polymer composites [16,17]. The particle size
effects on tribological properties, in particular wear resis-
tance, of polymer matrix composites have not been investi-
gated in detail. In regard to tribological properties, reports
provide contradictory results in the micron size range levels.
On one hand, some reports claim that large size particles
improve the wear resistance by providing longer and deeper
path for the particle removal [18]. On the other hand,
other reports claim that the small size particle increases the
wear resistance by particle strengthening effects and the rolling
effects [15]. Further, the strengthening effects are expected
to continue with the particle size reduction [19]. It is antici-
pated that the incorporation of both large and small size par-
ticles shows much better wear resistance improvement than
either the fillers of small or large sizes. Recently, it is reported
that a little amount of nanoparticles addition is sufficient to
show a marked effect in improving the wear resistance of the
composites [20-22]. Shi er al [24] have prepared nanosize-
Al,O3-reinforced epoxy matrix composites and studied the
mechanical and tribological properties. They found a positive
relation between the impact strength and the wear resistance.
They concluded that the addition of 0.24 vol% Al,O3 is suf-
ficient to enhance the flexural impact and wear properties of
the composites and the pre-treatment of the nanoparticles is
essential to improve impact and wear properties of the com-
posites. From these facts, it is plausible to add both micro-
and nanosize fillers to derive synergic effects that elevate the
wear resistance to much higher levels. For instance, Zhang et al
[6] have prepared 30 types of epoxy matrix reinforced with
nano-TiO, (300 mm), short carbon fibre (14.5 um), PTFE
(4 pm) and graphite (20 um) fillers composites by mechan-
ical mixing techniques. The epoxy/15% carbon fibre/15%
graphite/5% nano-TiO, composite showed about 100-fold
increase of wear resistance over the unfilled epoxy resin. The
presence of carbon fibre and TiO, improves the hardness
and creep strength of the composites. The graphite helps in
forming friction-reducing transfer films. Thus, the combined
effects of strengthening and transfer film reduce the wear
rate significantly. Wetzel et al [14] have studied the syner-
gistic effects of micron-size CaSiO3 (4—15 um) and nanosize
Al,O3 (13 nm) particles additions on mechanical and tribo-
logical behaviour of epoxy nanocomposites. The properties
such as stiffness, strength, failure strain and impact energy
are improved with the addition of 1-2 vol% nanosize Al,O3
particles. The addition of micron-size CaSiOj3 particles has
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a significant influence in improving the wear resistance and
flexural modulus with a slight compromise on the failure
strain. They showed that nanoparticles induce matrix shear
yielding, crack pinning and particle pull-out, and micron
size particles help in trans-particulate fracture. These mech-
anisms help in energy dissipation process during the crack
growth stage and improve the impact energy and the failure
strain of the composites. Petrovic et al [25] have prepared
polyurethane/silica (sizes: 12nm and 1.4 pm) of dual parti-
cle sizes composites of 10-50 wt%. They observed that both
the tensile strength and the failure strain of the composites
containing more than 20 wt% silica were significantly higher
than those of the pure polyurethane polymer.

The present work is aimed at understanding the nanoclay
effects on mechanical and tribological properties of
epoxy/glass fibre composites reinforced with particles of
dual sizes. A detailed wear study on testing parameters
effects on the wear resistance of nanocomposites is con-
ducted using the Taguchi design of experimental techniques.
The mechanical behaviour of the composites is investigated
and compared to identify the optimum amount of nanoclay
in the composites.

2. Experimental

2.1 Processing

An epoxy resin of L12 grade and K 6 hardener were mixed
in the ratio of 10:1 to prepare the matrix. Two types of fillers,
(1) micron size calcium silicate particles of 10 wt% (75—
150 um) and (2) nanosize organomodified clay (15-20 nm),
were added to improve the strength, thermal stability and
wear resistance of the composites. Different amounts (0, 2, 3
and 4% (% in wt%), labelled as A, B, C and D, respectively)
of nanoclay (montmorillonite, M, (Als_, Mg, )SisO20(OH)4),
35-45 wt% dimethyl dialkyl (C14—C18) amine fillers were
selected to fabricate the composites. The characteristics of
the fillers, the matrix and the fibres are given in table 1. The
fillers were incorporated to the epoxy resin by the mechan-
ical shear mixing technique using a laboratory shear mix-
ing device. In this technique, the fillers were first dried in
an oven at 75°C to remove the moisture. The dried fillers
were mixed in a container. The epoxy resin was heated to
75°C to reduce the viscosity for a better wetting and dis-
persion of the clay and fibres. The fillers were mixed with
the resin in a high-speed metal blade rotation medium. The
blade generated a high shear force that helps in uniform dis-
persion of fillers in the resin. The mixture was placed in
low-frequency vibration for 1 h and evaluated for 20 min to
remove the entrapped air, which otherwise adversely affects
the properties. Homogenous dispersion of nanoclay in the
resin was obtained by shearing the mixture with a mechan-
ical stirrer. The blade rotation provides high shear force
that helps in breaking up agglomerates and distributes them
evenly in the matrix. Finally, the mixture of fillers and epoxy
resin was reinforced with the E-glass fibres (bidirectional
fabric, 7-mil plain) using the standard hand layup technique.



E-glass-reinforced epoxy nanocomposites

109

Table 1. Characteristics of fibres, matrix and fillers.

Measured Weave pattern
Type Size density (g cm ™) and/or form Manufacturer
E-glass fibre 195 um 2.48 7-mil plain weaves unidirectional fabric Suntech Fibers Pvt Ltd, Chennai, India
CaSiO3 75-150 um 2.9 Powder Prince Chemicals, Bangalore, India
Organomodified clay  15-20nm 0.2-0.5 Powder Sigma-Aldrich, Bangalore, India
Lapox L-12
(unmodified
epoxy resin) — 1.29 Liquid Atul Ltd, Valsat, India

Table 2. Experimental results of wear loss (by volume) for L16
DOE matrix design.

Nanoclay content Sliding speed Volume loss

Runs (Wt%) Load (N) (ms™) (mm?)
1 3 80 4.19 2.8757
2 3 50 4.19 1.1604
3 4 80 5.24 3.3659
4 4 20 5.24 0.8669
5 2 50 4.19 0.6489
6 2 80 5.24 2.1962
7 4 50 5.24 1.4279
8 3 80 4.19 2.8253
9 2 20 5.24 0.2995
10 2 80 3.14 1.4974
11 2 20 3.14 0.2995
12 4 80 3.14 3.3149
13 4 20 3.14 1.122

14 4 20 3.14 1.0199
15 3 50 3.14 1.3622
16 3 20 4.19 0.9586

The fibre constituted 48 wt% of the composites. In this pro-
cess, the glass fibre was stacked and covered with poly-
thene sheets to avoid sticking and maintain the spacing.
A thin layer of vaseline-releasing agent was applied on
the polythene to avoid fibre/polythene bonding after curing.
The epoxy resin with nanofillers was poured to fill the gap
between the fibres. The composite laminate was compressed
in a press for Smin at 50°C by a compression moulding
technique to generate a size of 250 mm x 250 mm x 6 mm.
After pressing, the laminate was allowed to cure at ambient
temperature for 24 h. Later, it was post-cured at a series of
temperatures (100, 140 and 150°C) to complete the process.

2.2 Testing

The laminates were cut to the size of 10mm x 10mm X
6 mm and glued to a holder pin of 6 mm diameter and 27 mm
length to prepare wear test samples. The wear test experi-
ments were designed to understand the influence of nanopar-
ticles amount, speed and load on the wear resistance (volume
loss) of composites. A L16 standard Taquchi experimental
plan was selected for the wear testing. The L16 scheme has
16 experiments, as shown in table 2. The speed, load and

Table 3. Wear testing parameters and their level.

Nanoclay content Sliding speed
Level (Wt%) Load (N) (ms™1)
1 2 20 3.14
3 50 4.19
3 4 80 5.24

nanoclay content were considered as the factors influencing
wear resistance in the present study. The wear testing param-
eters with their levels are given in table 3. Dry sliding wear
tests were carried out in a standard pin on disc wear test-
ing apparatus (DUCOM) according to the ASTM G-99 stan-
dard. An EN32 case hardened steel disc of 120 mm diameter
(C: 0.15%, Si: 0.25%, Mn: 0.8%, hardness: 62 HRc, surface
roughness Ra: 1 um) was used as a countersurface. The track
diameter of the wear test was 100 mm. Tests were run for
the sliding distance of 2000 m. After every test, the pin and
the disc were thoroughly cleaned in acetone. The samples
were weighed in a digital balance (precision: 0.1 mg) before
and after the wear test. The volume loss of the composites
was calculated by dividing the mass loss with the density.
The wear loss data were statistically analysed in a MINITAB
17 software. The lower the better criterion was used to iden-
tify the optimal parameters for the highest wear resistance.
A 3-way analysis of variance (ANOVA) was performed to
identify the statistically significant parameters for a 95% con-
fidence level. Other information about the Taguchi technique
and ANOVA may be found elsewhere [25,26]. Mean and
S/N ratio analyses of wear loss data were also performed to
rank the influences. The criterion of the smaller mean/S/N
ratio—the higher the wear resistance was selected as the life
and performance of the composites were decided by the wear
resistance. The following logarithmic relation was employed
to convert the wear loss data to the S/N ratio [26]:

S/N ratio (dB) = —10log [(Z x2> /n] : (1)

where x is the wear loss data and » the total number of data
considered for study.
The worn surfaces were analysed using a scanning elec-
tron microscope (SEM) to understand the wear mechanisms.
Flat rectangular samples were prepared for tensile and
flexural tests. Tensile and three-point flexural tests were
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carried out at a cross-head speed of 1.2mmmin~! in a

universal testing machine (DUCOM). The size of the tensile
and flexural samples is 250 mm x 25 mm x 6 mm. The pro-
cedures followed for conducting tensile and flexural tests
were stipulated in the ASTM D 3039 and ASTM D 790
standards, respectively. The tension-failed samples were
analysed using the SEM to identify the failure mechanism.

3. Results and discussion
3.1 Wear behaviour

The normal probability plot of wear loss data is shown in
figure 1. The response data points (wear loss data) mostly
lie on or close to a straight line, indicating that the data are
normally distributed and independent. The histogram plot,
as shown in figure 1, confirms the normal distribution of the
data. The residual fit and order plots in figure 1 show that the
residuals do not have any systematic trend and are distributed
randomly about zero. These observations confirm the con-
stant variance of the data points. The absence of predomi-
nant residuals (negative/positive) or inconsistent data spread
indicates that there are no biased errors (outliers). The facts
of normally distributed response data with constant variance
and unbiased errors of data qualify the data to be statistically
analysed.

The results of the ANOVA of wear data are given in
table 4. The statistical analysis shows that the load (68%) is
the most significant factor affecting the wear resistance of
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the composites. The filler content is the second ranked factor
influencing the wear resistance. The speed has the lowest
influence on the wear loss of the composites. Comparing the
interaction between the factors, the filler content and load
combination is significant, and its significance is even higher
than the speed effect. Other interactions are insignificant. The
error in the analysis contributes to about 4%, which is much
higher than the influence of speed and interaction of all fac-
tors. It signifies that the influences of speed and interaction
effects are ignorable.

Response tables from mean and S/N ratio analysis are
presented in table 5. The analysis rates that the load is the
most significant factor influencing the wear resistance, fol-
lowed by the nanoclay content. The speed is the least impor-
tant factor affecting the wear resistance. This is probably
because the speed has not rised the interface temperature so
significantly enough to deteriorate the composite properties.
The ranking of the factors may be written as follows: load >
nanoclay content > speed. The ranking results are consistent
with the ANOVA results.

The mean effect plot for volume loss mean data is shown
in figure 2. The load has a greater influence on the vol-
ume loss than other factors have, as seen from figure 2. The
slope of the curve reduces with an increase of the nanoclay
content. In contrast, the curve continues to become steep
with an increase of load. For the case of speed, the slope
of curve changes from negative to positive with an increase of
speed; however, the slope is very shallow. Above the load of
50N, the wear loss increases sharply, indicating the possible
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Table 4. Three-way ANOVA for the wear loss data.

Source DF SS MS F P C (%)
Filler 1 2.6276 2.6276 162.71 0.0002 16.81
Load 1 10.7553 10.7553 666.02 0.0001 68.83
Speed 1 0.0254 0.0254 1.57 0.257 0.1625
Filler x load 1 0.3829 0.3829 23.71 0.003 2.4503
Filler x speed 1 0.1105 0.1105 6.84 0.040 0.7071
Load x speed 1 0.1116 0.1116 6.91 0.039 0.7142
Error 6 0.0969 0.0161 — — 4.025
Total 15 15.6266

Model summary for volume loss:
§=0.127078, R?=93.38%,

R?(adj.) = 98.45%, R2(pred.) = 90.31%.

DF = degrees of freedom, SS = sum of squares, MS = mean squares.

Table 5. Wear loss (volume) response for means [signal to noise ratios] (criterion:

smaller the better).

Level Nanoclay content (wt%) Load (N) Sliding speed (m s7h
1 0.9883 [+2.8721] 0.6991 [4.3894] 1.5090 [—1.3468]
2 1.5829 [—3.1771] 1.1499 [—0.8286] 1.4046 [—1.5668]
3 2.0093 [—4.6820] 2.6450 [—8.0781] 1.6313 [—1.7513]
A 1.0210 [+7.5541] 1.9459 [+12.4674] 0.2267 [+0.4045]
Rank 2 1 3
Main effects plot for means
Data means
~ Content (%) Load (N) Speed (ms~™7)
25-
2 20
s
g 15 . - ‘\/
=
10 /
L 4
05-

50 80 3.14 419 5.24

Figure 2. Mean effect plots showing the influence of load, nanoclay content and

speed on the wear volume loss mean data.

change of wear regime to severe wear regime. The inter-
action effect plot for volume loss mean data is shown in
figure 3. The interaction between the load and the filler (the
nanoclay content) is found to be significant compared with
other combinations of interactions (load x speed and speed
x filler). This result is also in agreement with the ANOVA
results given in table 4. While comparing with the sole effect

of factors, the interaction between the load and the nanoclay
content is relatively more significant than the sole effects
of speed factor. It indicates that any variation of load and
the filler content significantly affects the wear rate of the
nanocomposites. Any increase of load and the filler content
accelerates the wear process, leading to a significant wear
loss. On the other hand, the interaction effects of load and
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speed or speed and filler are not significant in affecting the wear
rate. In other words, the concurrent variation of these factors
does not affect the wear rate much. This is because the
increase or decrease of both the factors has a contrary effect,
resulting in canceling of each other influence. For instance,
the increase of speed has a positive influence on the wear
resistance due to the formation of tribolayer and oxidation,
whereas the increase of filler/load has a negative influence on
the wear resistance due to the excessive reinforcement/higher
friction and deformation effects, respectively. Thus, the con-
trary influence of two factors on the wear resistance does not
affect the wear loss of the composites much. The interaction
of speed with the load or the nanoclay content is insignif-
icant in affecting the wear resistance. These results are in
agreement with the ANOVA results.

With respect to the nanoclay content, it is found that
nanocomposites with excessive nanoclay reinforcement, it
is above 2wt% in the present study, deteriorate the wear
resistance of the nanocomposites. Naeimirad er al [2] have
observed that the wear rate rises above 2 wt% of nano-SiC
in the epoxy/nano-SiC particles system due to the exces-
sive reinforcement. As the size of the clay is in a nanoscale,
the tendency for the agglomeration is more. Further, the
agglomeration tendency increases with an increase in nan-
oclay amount due to the increased surface energy of the
nanoclays. Nanoparticles in agglomeration state are loosely
held by hydrogen and van der Waals bonds [23]. Also, the
agglomerates affect the dispersion state disadvantageously.
They create islands of particle-rich and -devoid regions
in the matrix. The devoid regions behave similar to the
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Interaction effects of load, nanoclay content and speed on the wear volume loss mean data.

pure epoxy matrix. Although the particle-rich area contains
loosely bonded nanoparticles in lump, it does not have strong
adhesion bonding with the matrix. During the wear process,
the shear force easily breaks the agglomerates and removes
from the matrix. Thus, the beneficial effects of nanoparticles
in supporting wear load cease due to their earlier removal.
The loose debris containing hard particles also assists the
wear loss by scratching the composites.

The worn surfaces of the unfilled epoxy resin and
nanocomposites are shown in figure 4a—d. The unfilled resin
shows long scratches, which are the typical features of abra-
sive wear. The abrasion is mainly caused by the counter-
surface steel asperities. The asperities remove the resin by
micro-cutting, micro-ploughing and micro-fracture mecha-
nisms and create deep surface grooves, as seen in figure 4a
[4]. In contrast, nanocomposites exhibit many wear features
such as fibre thinning wear, matrix wear, fibre breakage
and fibre/matrix debonding. These features indicate that the
underlying wear mechanisms and their interactions are quite
complex. Among the nanocomposites, the 2-wt%-reinforced
composite shows a relatively smooth surface with less matrix
wear, as seen in figure 4b. The rolling effects of loose
nanoparticles during the sliding process help to reduce the fric-
tion coefficient and also protect the long fibres from the
impact of the countersurface asperities during the sliding
[15]. Consequently, lower frictional heat dissipation occurs
at the interface. The inter-coupled effects of low friction and
temperature rise help to reduce the wear loss of the compos-
ites. The SEM observations of low fibre thinning and low
matrix wear, as shown in figure 4b, support the highest wear
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Figure 4. SEM images of worn surface: (a) pure epoxy resin, (b) epoxy/glass/CaSiO3+
2wt% nanoclay composite, (¢) epoxy/glass/CaSiO3 + 3wt% nanoclay composite and
(d) epoxy/glass/CaSiO3 + 4 wt% nanoclay composite; (1) abrasive scratches, (2) fibre thinning,
(3) matrix wear, (4) interfacial debonding and (5) fibre breakage/cracking. Arrow indicates the

sliding distance.

Table 6. Mechanical and physical properties of the nanocomposites.

Maximum Maximum

Tensile failure Flexural failure Tensile Flexural
Composite strength tensile strength flexural modulus modulus Density Average
type (MPa) strain (%) (MPa) strain (%) (MPa) (MPa) (g cm ™) porosity (%)
A (unfilled) 251 +6 6.2+0.5 72+3 24403 414 £2 4+1 1.18 £0.05 1.67
B (2% nanoclay) 266 £ 5 554 +£04 139+24 34402 558+1 5134+£05 1.93+£0.04 1.9
C (3% nanoclay) 229 £3 57+04 9.5+ 1.8 29+0.2 505+£1 433£06 1.89+0.02 3.51
D (4% nanoclay) 216 £3 53+03 79+2 32 40.15 501 425405 1.87+0.03 4.12

resistance results of the 2-wt%-nanoclay-reinforced compos-
ite. Loose nanoparticles agglomerates do not exhibit rolling
effects due to the large size and shape, and thus the beneficial
effects of low friction and frictional temperature are not wit-
nessed in the composites filled with 3 and 4 wt% nanoclays.
Fibre thinning and interfacial matrix wear are very high in
the composites filled with 3 and 4 wt% nanoclays, as seen in
figure 4c and d. The removed fibre wear debris enhances the
wear loss by the third-body abrasion wear process. Thus, the
wear loss is higher for composites filled with 3 and 4 wt%
nanoclays. Further, the magnitude of wear loss rises with
increasing nanoclay addition due to above wear mechanisms,
which is in agreement with the experimental results, as seen
in figure 4.

3.2 Mechanical behaviour

The density of the nanocomposites decreases with the addi-
tion of fillers, although the fillers are denser than the matrix,
as seen in table 6. Compared with the theoretical density, the
measured density is lesser, indicating the increased defects
with the increasing filler additions. These defects originate
from the particle agglomeration effects and improper resin
filling between glass fibres. Some reports suggest that the
nanoparticles addition increases the volume of the polymer
system [8]. Thus this factor contributes to the loss of den-
sity. Table 6 shows the physical and mechanical properties
of the nanocomposites. The addition of nanoclay increases
the yield strength of the composites up to the critical amount
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(2 wt%) and then decreases above 2 wt% level. This result is
in agreement with other reports published on S2-glass/epoxy
polymer nanocomposites [27]. The increase in strength is
attributed to the proper dispersion and exfoliation of clay
in the matrix [28]. The exfoliated clay spreads as a rigid
individual nanosize sheet of high aspect ratio in the matrix.
These sheets carry the load through the matrix/clay inter-
face by load transfer mechanisms and improve the strength
substantially [29,30]. There is a possibility for the entrap-
ment of nanoclays inside the cross-linked chains that hardens
the matrix by immobilizing the chain during deformation
[19]. Also, the nanoparticles create many nucleation sites
for spherulites formations. The spherulites are the product of
strong interactions between the matrix and nanoparticles that
increase the properties of the composites [8,31]. The ben-
eficial effects of spherulites exist as long as the dispersion
is uniform. The loss of strength is mainly attributed to the
excessive reinforcement (3 and 4 wt%) and the tendency for
particle clumping. The particle clumping affects the disper-
sion status by forming islands of particle lump zones. The
particle interactions are responsible for the particle agglom-
eration [2]. The bonding characteristics of these lumps are
expected to be poor in the matrix due to the weak inter-
action between the matrix and the particle aggregates. The
aggregates deform under the tensile loading and pull apart
(debond) from the matrix, resulting in premature low yield-
ing. Also, these lumps act as a stress concentration point
during deformation and a potential site for crack nucleation
[32]. The defects induced through lay-up techniques and
nanoparticles agglomerations also contribute to the weak-
ening of the composites. Another important observation is
that nanocomposites fail abruptly after reaching the maxi-
mum stress. Wang et al [8] have reported the sudden failure
of the polyamide/nano-silica composite after attaining the
maximum load. Interestingly, the nanoclay addition proves
to improve the stiffness over that of the unfilled resin. The
stiffness attains the maximum at 2 wt% and then decreases.
Naeimirad et al [2] have found that the critical fraction of
nano-SiC is 2 wt% in the epoxy/nano-SiC whisker system.
Yalcin and Cakmak [33] have observed the same results
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of 2wt% nano-SiO; in the the polypropylene/nano-SiO,
particles system. The change of dispersion state (uniform to
cluster) is attributed to the loss of properties. The presence
of large number of densely packed particles due to the nano-
size creates a system of high-modulus filler regions with very
less polymer region of low modulus [24]. Thus, the mod-
ulus of the composites increases. The interfaces are crucial
in deciding the properties of nanocomposites because the
number of particles per unit volume is extremely high. Poor
interfaces are expected to reduce the properties below those
of the unfilled resin due to the failure in transferring load.
In the present case, the observed improved strength/stiffness
indicates that the interfaces are sufficiently strong enough to
transfer the load to the nanoclay and also possess excellent
elastic compatibility. Further, the CaSiO; particles contribute
to the stiffening of the composites through load transfer
mechanisms. Wetzel et al [14] reported superior stiffening
effects of micron size CaSiOj particles over those of the
nanosize Al,Os particles in the epoxy matrix composites.
The fracture surface of the epoxy resin, as shown in
figure 5a, shows multimode gauge explosive mode failure
according to the classification of failure listed in ASTM
D3039. In contrast, nanocomposites, as shown in figure 5b
and c, fracture mainly by the matrix/fibre interface fail-
ure and fibre breakages in the tensile loading. Particularly,
the fracture surface of the 3-wt%-nanofiller-added compos-
ites exhibits many important features such as brittle matrix
smooth facets, regions of inadequate resin filling between
the fibres, particle pull-out, and the matrix crack propaga-
tion. These evidences suggest the relatively poor interaction
and dispersion of nanofillers in the matrix due to the possible
formation of the nanofillers aggregates. Thus, the beneficial
effect of nanofillers in improving the properties of the com-
posites is diluted. The observed matrix rough surfaces are the
sign of matrix shear deformation between the nanoparticles.
Contrary to the lowering of flexural strength with the addi-
tion of particles, especially in micron size ranges [33], the
flexural strength/stiffness increases with the addition of nan-
oclay up to 2 wt%, and above this the strength/stiffness grad-
ually reduces. However, the properties remain well above
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Figure 5. Fractography of (a) pure epoxy resin (multimode gauge explosive mode), (b) epoxy/glass/CaSiO3 + 2 wt% nanoclay composite
(matrix/fibre interface failure and fibre breakage) and (¢) epoxy/glass/CaSiO3 + 3 wt% nanoclay composite (matrix/fibre interface failure

and fibre breakage).
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those of the unfilled resin. Wetzel et al [14] have observed
in the epoxy/nano-size Al,Oz/micron size CaSiO3 compos-
ites that the flexural strength and stiffness increase with the
addition of nano-Al,O; particles. The relatively lower flexu-
ral modulus/strength of the composites filled with above 2%
nanoclay indicates that the nanoclay dispersion is poor and it
is agglomerated. It is also probable that the composites have
attained excessive reinforcement amount from the sum of
nanoclay and CaSiOj; particles that contributes to the reduc-
tion of strength, stiffness and failure strain. Another inter-
esting observation in the nanocomposites that is contrary to
that in the conventional micron-size-particle-filled polymer
composites is the slight increase of the failure strain com-
pared with the unfilled resin. At an optimum amount of nan-
oclays (2%), the failure strain of nanocomposites is increased
by effective interactions between the growing cracks and the
nanoclays. It is common that the epoxy resin reaches the
failure strain first, and nucleates the cracks. While in prop-
agation, the cracks encounter the large volume of homoge-
nously dispersed particles. These particles deviate and/or pin
the cracks, retard its growth rate [34] and generate addi-
tional fracture surface area by making a tortuous path for
crack propagation [7,35-39]. This process demands addi-
tional consumption of energy for crack propagation [36—39].
Thus, the failure strain is improved in the composites filled
with nanoparticles of the optimum amount. Any excessive
amount of particles reduces the matrix deformation signif-
icantly by mechanical restraint mechanisms and makes the
composite brittle [15].

4. Conclusions

In the present study, the mechanical and wear proper-
ties of dual-particle (nanoclay (15-20nm) and calcium sil-
icate particles (75-149 pm))-reinforced epoxy/E-glass fibre
nanocomposites were systematically investigated. The wear
loss rises with increasing nanoclay amount. Particularly, the
wear loss rises steeply above 50 N load, indicating the change
of wear regimes from mild to severe. Statistical analysis
determines that load is the most significant parameter affect-
ing the wear resistance of nanocomposites. The interaction
between the load and the nanoclay is found to be only sig-
nificant. The mean and S/N ratio analyses rank the param-
eters significance in affecting wear resistance as follows:
load > nanoclay content > speed. The worn surface of pure
epoxy shows mostly abrasive scratches, indicative of abra-
sive wear. In contrast, the worn surface of nanocomposites
shows numerous features such as fibre thinning, matrix wear
and fibre/matrix debonding, indicating the complex interac-
tions of several wear modes. Tensile and flexural test results
show that a good dispersion of nanoclay is achieved with
2 wt% amount in epoxy-based nanocomposites. The mechan-
ical properties degrade above 2 wt% due to the excessive
reinforcement, uneven distribution and the particle agglom-
eration effects. Fractography studies of tension-failed sam-
ples show that pure epoxy resin fails by multimode gauge
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explosive mode, whereas nanocomposites fail mainly by the
matrix/fibre interface failure and fibre breakages.
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