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Abstract The present investigation emphasizes on the effect of nano Al,O; filler
and cross head velocity on mechanical properties of glass fiber reinforced polymer
composite (GFRP). Nano Al,Os filler of 3 wt% of epoxy is dispersed into the epoxy
matrix through temperature assisted magnetic stirring followed by sonication for a
time period of 60 min. GFRP composites are fabricated by hand-lay-up techniques.
It is observed that flexural strength about 14 % and interlaminar shear strength
(ILSS) about 11 % improved in nano Al,O; filled GFRP composite as compared to
control GF composites. Further, ILSS is evaluated as a function of volume fraction
of glass fiber and at different cross head velocity (1, 50, 100, 500 and 1000 mm/
min). The results revealed that ILSS values increases with cross head velocity from
1 to 100 mm/min and decreases further increase in cross head velocity. This may be
attributed to at higher cross head velocity (up to 100 mm/min), micro cracks
propagate through fiber/matrix interface rather than the weakest epoxy matrix and
breaks the strong fiber during crack propagation resulting increase in ILSS. Addition
of 3 wt% of nano Al,O5; does not have influences on glass transition temperature.
Scanning electron microscopy images of ILSS fractured surface features are anal-
ysed to understand the failure mode of glass fiber reinforced polymer nano
composites.
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Introduction

Polymer matrix composite materials are highly accepted and appreciated in
different high end engineering applications. However, FRP composites have
weakness towards transverse loading condition. This is because FRP composites are
not isotropic material and the interface/interphase is weaker than isotropic material.
Therefore, improvement of the interface/interphase strength is the emerging field of
research in composite material. Glass fiber reinforced composites are used in
different engineering field like aerospace, marine, space satellite, automotive and
etc. because of its competitive mechanical properties with respective to cost as
compared to carbon fiber polymer composite. Glass fiber/polymer interphase is
manifested by Vander Waal bonding, chemical bonding and molecular segregation.
Generally, there are two basic approaches to improve the interphase/interface
delamination properties of FRP composite i.e. either through thickness reinforce-
ment (3D fibre reinforcement e.g., z-pinning, stitching, braiding, waving, and
knitting) or the second one is modification of polymer matrix through toughen micro
or nano particles/fillers or the both [1]. However, fracture toughness of the nano
composites are improved through (1) crack tip blunting (or crack tip deformation),
(2) localised inelastic matrix deformation and void nucleation/growth, (3)
particle/fibre deformation or breaking at the crack tip, (4) crack deflection, (5)
crack pinning (6) fibre pull-out, and (7) particle/fibre de-bonding [2, 3]. The
improvement of mechanical properties of nano composites depend on nano particle
types, size, shape and the nature of bond between matrix and fillers [4-6]. Asi [7]
found that micro Al,Oj fillers improves the bearing strength and highest at 10 wt%
Al,Os. Different researchers have found that nano Al,O3 improves the tensile and
shear strength, fracture toughness and stiffness of the composite [8—13]. Hence,
nano Al,Os filler is chosen to be impinged into the polymer matrix to improve the
mechanical properties.

Fiber/matrix interface is sensitive to cross head velocity [14-25]. As mechanical
properties of GFRP composite varies with cross head velocity/strain rate signifi-
cantly, it will be too conservative to design a component which is under dynamic
loading and use static properties [26]. High strain rate or cross head velocity
characterization are mainly focused on composites made up epoxy and polyester
matrices reinforced with glass and carbon fiber [27]. Generally at low strain rate
ductile mode and non-ductile type at high strain rate is observed [28]. The failure
mechanism changes from fiber fracture to matrix cracking when the loading rate
changes from static to dynamic [21].

Dynamic properties of GFRP composite are very crucial. However, there is
scanty in open literature on effect of cross head velocity of nano Al,Oj filled GFRP
composites. Therefore, this paper investigates the effect of nano Al,O3 and cross
head velocity on interlaminar shear strength (ILSS) of GFRP composite. Further,
effect of cross head velocity as a function of volume fraction of glass fiber has also
been analysed. Surface roughness and glass transition temperature are studied using
stylus-type profilometer and differential scanning calorimetry respectively. Fracture
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surfaces are observed under scanning electron microscope (SEM) to evaluate the
mode of failure.

Material and fabrication of composite laminate
Material

The raw materials used for fabrication of nano Al,O5 particles filled glass fiber
reinforced polymer composites are nano Al,Ojz particles, woven roving E-glass
fiber, Epoxy (Bisphenol-A-diglycidyl-ether/LY-556) and hardener (HY-951). In this
study commercially available (Saint-Gobian Vetrotex) E-glass fiber of 8 p thickness
woven roving fabric is used as reinforcement. Figure 1 shows the schematic view of
fabrication method of nano composite.

There are four types of GF nano composites have been made by hand lay-up
method. Initially the fiber and epoxy ratio is maintained at 60:40 by weight. The
nano Al,O3 powder is dried at 100 °C for 1 h before mixing with epoxy matrix.
3 wt% of epoxy of nano Al,O; filler is mixed with epoxy in a temperature assisted
magnetic stirrer and ultrasonic bath for 60 min. The laminates are fabricated and
partially cured at 60 °C at different mould pressure (10, 17, 24 and 31 kg/cm?) for
20 min. It is further cured at room temperature for minimum 5 days before
characterization.

Magnetic
Stirrer

Magnetic Stirring of Sonication of Al,O;+Epoxy mixture
Al,O3;+Epoxy

N
Na
N\

Final laminate Consolidation of laminate Preparation of laminate by
in hot press hand lay-up method
Fig. 1 Schematic diagram of fabrication of Nano GFRP composite
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Nano particle size analyses

Nano Al,O5; (Alpha) particle has been supplied by SRL Pvt. Ltd. Mumbai. Nano
particles size distribution has been analyzed by dynamic light scattering (DLC,
Malvern) method. In this method the particles are dispersed in alcohol 4 water (50:50
ratios) and followed by sonication. The particle size distribution range has been reported
in Fig. 2. It is observed that Z-average (d.nm) of nano Al,Oj; particles is 917 d.nm.

Results and discussions
Volume fraction of fiber and void content in GF-nano composites

Composites are fabricated at different mould pressure to remove entrapped gasses
and achieve uniform distribution of epoxy in the matrix. It is observed that at
different mould pressure, some amount of blended epoxy resin is drained out.
Therefore, burn off test is done to determine the volume fraction of fiber (V¢) and
matrix as per ASTM D 3171-99 standard. It is observed that volume fraction of fiber
has been varied from 60 to 72 % with change in mould pressure from 10 to 31 kg/
cm” and shown in Fig. 3a. However, void content percentage decreases with
increases in mould pressure and shown in Fig. 3b.

Effect of nano fillers on flexural strength
Flexural strength of glass fiber reinforced polymer composite (control GF-composite)

and nano Al,O; filled glass fiber reinforced polymer composite (Nano GF-composite)
is evaluated as per ASTM standard. Both GF and GF nano composites are fabricated at
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Fig. 2 Al,O; particle size distribution
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Fig. 3 a Volume fraction of fiber versus mould pressure and b void content versus volume fraction of
fiber in the composite
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Fig. 4 Comparison of flexural stress and strain between control and nano GF composite

mould pressure of 10 kg/cm?. Figure 4 shows the comparison of flexural strength
between GF and GF nano composite. It is observed that flexural strength and modulus
of GF-nano composite has improved about 14 and 24 % respectively as compared to
GF composite and the results are reported in Table 1. It is well known that nano
particles specific surface area is more than micro particles. This high specific surface
area enables to have large nano Al,Os/polymer interface area in the nano composite as
compared to GF composite. The large interface area reduces stress concentration at the
interface and enhances the load transfer efficiency from the epoxy matrix to the hard
nano Al,Oj; effectively. Therefore, improvement of flexural strength is attributed to
the better load transfer from soft epoxy matrix to the hard and stiff nano Al, O3 particles
through elusive nano Al,Os/epoxy interface.
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Table 1 Flexural properties of GF and GF nano composite

Composite types Flexural strength (MPa)  Flexural strain ~ Flexural modulus (GPa)
Control GF (0.0 wt% Al,O03)  361.77 0.044 21.53
Nano GF (3.0 wt% Al,O3) 411.95 0.042 26.65

Effect of nano fillers and volume fraction of fiber on interlaminar shear
strength

Dynamic mechanical properties are more useful in design than static properties for
GFRP composite. Because, the crashworthiness and reliability of a composite can
be realized from dynamic mechanical properties as compared to static. ILSS
measures the in situ shear strength between matrix and fiber. ILSS is evaluated by
short beam shear (SBS) test. The test is conducted as per the ASTM-D2344/
D2344M-00. The specimen dimension is 34 mm x 7 mm x 3.5 mm. Span length
is 24 mm. ILSS is evaluated using Instron 5967 universal testing machine. The
cross head velocity is varied from 1 to 1000 mm/min. At each cross head velocity,
the test is repeated for four no of samples and average values are reported. The ILSS
is determined as per the Eq. 1.
3P

ILSS = (1)
where, t is the thickness (mm) of the sample, b is the width (mm) and P is the load
applied (N).

Figure 5 show ILSS as a function of cross head velocity for the nano composites
where V; has changed from 60 to 72 %. It is observed that at 1 mm/min cross head
velocity, ILSS is minimum compare to higher cross head velocity (100 mm/min).
This may be attributed that at lower cross head velocity, time available for the micro
crack to propagate in the weak portion of the matrix is more compare to higher cross
head velocity. However, at high cross head velocity, the micro crack does not have
sufficient time to propagate the weakest path and rather it has to propagate through
the strong covalent bond between the matrix and nano particle or need to break the
fiber for crack propagation for which ILSS increases. Therefore, the propagation of
micro-cracks and or even pin cracks can be inhibited by the presence of covalently-
bonded nano particles. However, various complex combination of energy absorbing
mechanism like delamination by shear mode, matrix cracking as a result of
transverse shear and trans-laminar fracture due to fiber rupture and/or by kinking
constitutes might have took place during high cross head velocity.

It is also observed that with increase in Vg, the epoxy volume fraction decreases
in the composite system. Therefore, the availability of modified epoxy is less at the
epoxy/fiber interface with increase in volume fraction of fiber. Hence, ILSS
decreases with increase in volume fraction of fiber, even if presence of nano Al,O;
particle in the epoxy matrix. Both control GF and GF nano composites are sensitive
to cross head velocity.
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Fig. 5 Interlaminar shear strength as a function of cross head velocity a Vi =60 %, b Vy = 64 %,
cVi=68 %,d V=72 %

Surface roughness as a function of fiber volume fraction

Surface roughness is very important in terms of surface smoothness and defects of the
composite. Surface roughness is evaluated by stylus-type profilometer, Talysurf
(Taylor Hobson, Surtronic 34-). The profilometer is set for cut-off length = 0.8 mm,
traverse velocity = 1 mm/s, filter 2CR and traverse length = 4 mm. Roughness
measurement has been carried out in three different locations of the composite and the
average value is reported. Figure 6a shows the schematic diagram of R, and
mathematical Eq. 2 indicates the expression to determine the same. It is observed that
initially the roughness R, (micron) of nano GFRP composite decreases with increase
in Vi glass fiber up to 68 % and increases further increase in V; of glass fiber and
shown in Fig. 6b. Initial decrease in roughness is may be because of decrease in
entrapped air bubbles in the matrix with increase in V¢ and further increase in
roughness is attributed to decrease in epoxy percentage in the nano composite.
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Fig. 6 a Schematic diagram of surface roughness R, and b roughness (R,) versus volume fraction of
fiber
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Fig. 7 Glass transition temperature of control GF and GF nano campsites

Effect of nano Al,O; on glass transition temperature

Glass transition temperature of nano composites has been evaluated by differential
scanning calorimeter (DSC, DSC-822, and Mettler Toledo). This test is carried out in
liquid nitrogen atmosphere and the heating rate is 10 °C/min. It is found that glass
transition temperature does not have significant change in nano composite compared
to GF composite is shown in Fig. 7. GF-A, GF-B, GF-C and GF-D represent as nano
composites having different volume fraction of fiber. GF-A contains Vi = 60 %, GF-
B contains V¢ = 64 %, GF-C contains V¢ = 68 % and GF-D contains V¢ = 72 %.

Fracture surface analysis through scanning electron microscopy (SEM)

Fracture surface of ILSS samples is observed through SEM (JEOL JSM-6480LV).
Figure 8a shows interlaminar shear cracking along with transverse and resin micro
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Fig. 8 SEM images of fractured surface of ILSS samples

cracking of the composite during ILSS test. Although it is expected that the mode of
failure should be transverse shear, but all the samples did not fail only transverse
shear mode. Similar results are also reported previously by Rahman et al. [29].
Figure 8b shows the fractured surface of the ILSS samples where the mode of
failure is the combination of fiber pull out, delamination and Fig 8c, d shows fiber
imprints and matrix cracking.

Conclusion

The following conclusions are made:

1. The flexural strength has been observed to be improved by approximately 14 %,
flexural modulus by 24 % and ILSS by 11 % in nano Al,O5; enhanced GFRP
composite as compared to control GF composite.

2. The values of ILSS increase with increase in cross head velocity up to 100 mm/
min and afterwards decrease further with increase in cross head velocity.

3. The ILSS values decrease with increase in volume fraction of glass fiber (V)
and vice versa of nano Al,O; enhanced GFRP composites as well as control GF
composite.
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The addition of 3 wt% of nano Al,O5 into epoxy matrix composite does not
have any influence on glass transition temperature.

Surface roughness decreases with increase in volume fraction of glass fiber up
to 68 % and further increase in volume fraction has deleterious influence.
The modes of failure and fracture have been found to be spreading over from
micro buckling, fiber rapture, interlaminar shear cracking, transverse micro
cracking and resin micro cracking as attributed by the change of volume
fraction and also cross head velocity.
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