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ABSTRACT

This paper presents experimental findings derived from high velocity impact tests on woven-roving Glass
Fibre-Reinforced Polymers (GFRP) Type E-800 g/m? and Type C-600 g/m?. The effects on specimen
thickness, projectile shape and gas gun pressure were investigated. As the gas gun pressure increases,
there is a proportional increase in the projectile kinetic energy, the projectile initial velocity, the maximum
force exerted on the specimens and in energy absorption upon impact. During the test, the shape of the
projectile, the target thickness and the gas gun pressure significantly affected the impact performance of
the GFRP. From the experiment, it was found that GFRP Type E-800 g/m? is stronger and more impact
resistant compared with GFRP Type C-600 g/m?, due to the fact that E-glass materials have higher fibre
volume and density and overall better mechanical properties than C-glass fibres. Therefore, GFRP Type
E-800 g/m? composites should be considered for applications in load and impact bearing aircraft structures.
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INTRODUCTION

Polymer matrix composites (PMCs) in the form of Glass Fibre-Reinforced Polymers
(GFRPs) is extensively used in engineering structures. It is usually applied in the aviation
industry due to their properties, such as stiffness, high strength and great fatigue resistance.
It is also the most economical choice in terms of manufacturing life cycle costs. Currently,

in military applications, there has been an
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Impact loading are divided into the following categories: low, intermediate, high/ballistic
and hyper velocity impact. Naik and Shrirao (2004) state that as the projectile velocity varies,
there are distinct differences in damage propagations, energy transfer and energy dissipation
between the target and the impacting projectile. Vaidya (2011), shows that hyper impacts occur
between 2 km/s and 5 km/s, high ballistic impacts within the range of 50 m/s and 1000 m/s,
intermediate is between 10 m/s and 50 m/s while low velocity impacts occur at 10 m/s.

According to Zhou (1995), Davies (1996) and Belingardi and Vadori (2002), GFRPs
have higher impact damage tolerance than carbon fibre-based laminates in addition to being
cheaper. Bibo and Hogg (1998) and Thanomsilp and Hogg (2003) said that GFRP laminates
have greater impact resistance since they have higher energy absorption due to their higher
strain to failure ratio compared with carbon fibre-reinforced composites.

The GFRPs have lower Young’s modulus and density but a higher strength compared with
carbon fibre laminates. The GFRP Type E fibres are commonly used in structural applications
but they experience degradation in highly acidic or alkaline environment. Therefore, resistant
glass was developed such as C—glass, also known as ‘chemical’ glass. Type C-glass is used as
a surface coating in water pipes and tanks. Table 1 shows the mechanical properties of GFRP
Type C and Type E, confirming that the tensile strength, density and modulus of elasticity of
GFRP Type C are lower than those of GFRP Type E (Hausrath & Longobardo, 2010).

Table 1

Mechanical Properties of GFRP Type E and Type C (Hausrath & Longobardo, 2010)
Property E-glass C-glass
Tensile strength at 23°C (MPa) 3445 3310
Elongation percentage 4.8 4.8
Young’s modulus at 23°C (GPa) 72.3 68.9
Density (g/cm3) 2.58 2.52

Type C-glass fibre with a mass of 600 g/m? is thinner compared with Type E-glass fibre
with a mass of 800 g/m?. The hardness of Type E fibre with a mass of 800 g/m?is higher than
the value for Type C fibre with a mass of 600 g/m? since its fibre composition is greater. There
are only a few studies that evaluated the performance of Type E-800 g/m? and Type C-glass/
Epoxy 600g/m?*composite materials.

Factors Influencing Impact Characteristic

Influence of fibre properties. Naik and Shrirao (2004) compared twill weave T300 carbon/
epoxy composite and two-dimensional woven fabric of plain weave E-glass/epoxy to study
their ballistic impact behaviour. The results indicated that E-glass/epoxy panels have higher
ballistic limit than T300 carbon/epoxy laminates.

Influence of Specimen Thickness. Naik and Doshi (2008) report that during high velocity
impact test, thickness of the composite materials is a significant performance factor. Gellert,
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Cimpoeru and Woodward (2000) discovered that energy absorption during impact in thin Glass
Reinforced Polymer (GRP) is independent of the projectile nose geometry. This study focused
on three different projectile shapes and the perforation of GRP composites. Shaktivesh, Nair,
Sesha Kumar and Naik (2013) studied the effect of panel thickness on the impact damage and
found that energy absorbed by various mechanisms increases and is directly proportional to
the target thickness and the velocity of the projectile.

Influence of Projectile Shape and mass. Projectile shapes normally tested in high velocity
impact experiment are blunt, conical, or hemispherical. Corran, Shadbolt and Ruiz (1983) found
that the projectile nose radius affects critical impact energy. Borvik et al. (2002) report that
hemispherical projectiles affect tensile stretching after severe indentation and thinning of the
specimen, while conical shape projectiles affect ductile hole expansion in thicker specimens
and pealing in thinner specimens. Blunt projectiles affect failure through shear plugging. Ohte,
Yoshizawa, Chiba and Shida (1982) compared three different shapes of projectile and have
established that the conical projectiles required less perforation energy to penetrate the target.
Wen (2000) and Wen (2001) came up with model to estimate the penetration and perforation of
monolithic composite laminates impacted transversely by projectiles with different nose shapes.

Influence of Projectile Velocity. In high velocity impact testing, gas driven guns that uses high
pressure can determine projectile velocity . Previous research has usually involved experiments
on the impact parameter effects that affect the impact test result. Very limited research has been
carried out to compare impact resistance of different types of composite materials.

Therefore, seeks to evaluate and understand the differences in impact response between
Glass Fibre Reinforced Polymer (GFRP) Type C-600 g/m? and Type E-800 g/m? since both of
these materials are potentially useful in aircraft applications. This research compares the impact
response of Glass Fibre Reinforced Polymer (GFRP) Type C-600 g/m? and Type E-800 g/m?
using high velocity impact testing and investigates specimen thickness, type of projectiles, and
projectile velocity on the impact characteristics of these two types of glass-fibre reinforced
composite materials.

METHODOLOGY

Specimen Preparation

The specimen was prepared at the Aerospace Material Laboratory, Faculty of Engineering,
Universiti Putra Malaysia. The matrix solution is based on a 2:1 ratio portions of epoxy to the
hardener. The epoxy and hardener are Zeepoxy HLO0O2TA and Zeepoxy HLO02TB respectively.
The specimens were fabricated using a hot bonder machine, as previously reported by Ilcewicz et
al. (Ilcewicz, Cheng, Hafenricher& Seaton, 2009). For Glass Fibre Reinforced Polymer (GFRP)
Type E-800 g/m? and Type C-600 g/m?, the temperature applied was 150°F and the composite
panels were hold at this temperature for 120 minutes to obtain fully cured GFRP laminates.
Ahot bonder is a portable device that controls heating based on temperature feedback from
the area under repair. The cure cycle is controlled using thermocouples and data can be printed
out. The hot bonder machine is used together with vacuum bagging. This technique can hold
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the resin in place until it fully cures using atmospheric pressure as reported by Ilcewicz et al.
(2009) and Petrone et al. (2014). The high velocity impact test specimens were then cut, using
a CNC Router Machine, ACM 1325, to a size of 100 mm x 100 mm (Hameed Sultan, 2007).

The stacking sequence of the glass fibre was set at 0°. Glass Fibre Reinforced Polymer
(GFRP) Type E-800 g/m? and Type C-600 g/m?* were fabricated into four different thicknesses,
6 mm, 8 mm, 10 mm and 12 mm, as shown in Table 2.

Table 2
Number of plies used in the laminates with TypeE-glass/epoxy 800 g/m’ and Type C-glass/epoxy 600 g/
m? for the high velocity impact tests

Type of GFRP Thickness, (mm) Number of plies
6 9
8 12

2

E-glass/Epoxy 800 g/m 10 15
12 18
6 9
C-glass/Epoxy 600 g/m? 8 12
g poxy g 10 15
12 17

Experimental Setup

High energy impact tests were carried out using a single stage gas gun (SSGGQG) at the Faculty
of Manufacturing Engineering, Universiti Malaysia Pahang. In this test, specimens with
dimension of 100 mm x 100 mm were impacted with three types of projectiles: blunt, conical
and hemispherical. The speed of the projectiles during the test was set up and varied using the
pressure control of the gas gun. In this test, the projectile velocity range is within 70-240 m/s.

The gas gun uses compressed helium gas to fire the projectile. The velocity of the projectile
is controlled by the gas pressure. Three samples for each testing condition are used to obtain
average values and standard deviation values. The gas gun is connected to a ballistic data
acquisition system. The software performs its calculations from the basic force-time information
including projectile velocity, maximum force, kinetic energy and energy absorbed by the
impacted specimen.

Impact Mechanics

In high velocity impact testing, the varying parameters are the gas gun pressure which will
affect the projectile initial velocity, the target thickness and the projectile shape. The high
velocity impact testing uses the single stage gas gun, which is connected to the ballistic
data acquisition system. Data obtained from the system are: maximum force, kinetic energy,
approximate projectile speed and absorbed energy. The approximate projectile velocity and
the maximum force are obtained from the force transducer in the catch chamber. The projectile
kinetic energy can be obtained from the kinetic energy, KE equation of a non-rotating object
of mass, m, travelling at a speed, v:
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KE= ' mv? [1]

The mass value is the projectile mass (in grams) while the velocity value refers to the
projectile velocity in ms-1. The absorbed energy value can be obtained applying the (2). The
work done by a constant force of magnitude, F, on a point that moves a displacement (not
distance), s, in the direction of the force is the product as given in (2):

Energy Absorbed=F xs (2]

In this test, the force value, F, is obtained from the force sensor installed in the single stage
gas gun (SSGQG). The displacement value, s, is the horizontal distance a projectile travels from
the nozzle to the specimen which is also equal to the distance from the nozzle to the specimen.
Table 3 shows the pressure applied during the tests for both GFRP laminates. Three specimens
will be tested for each test, to check the repeatability of the experimental results.

Table 3
Pressure tested for both GFRP laminates with each shape of projectile

Pressure (bar)

Thickness
12 15 16 20 25 30 40
6 mm /1 /1 /!
8 mm /" /1] /1]
10 mm /! /1! 1
12 mm /! /1! 1

* / indicates number of test

Material Properties of the Projectile — Mild Steel

There are three classes of projectiles: soft projectiles, semi-hard projectiles and hard projectiles.
A soft projectile is the type that will experience clear deformation during impact. Grytten et al.
(2009) state that a semi-hard projectile will have some deformation during the impact test, while
hard projectiles undergo little or negligible deformation. The projectiles used in this experiment
are made of mild steel with low hardness to avoid erosion inside the surface of the barrel. Mild
steel containing a slight fraction of carbon is tough but not really hard. In this experiment, three
different types of projectile are used, e.g. blunt, conical and hemispherical as shown in Figure 1.

d

a) b)
Figure 1. Types of projectile used in the actual impact testing a) blunt b) conical ¢) hemispherical
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Table 4 shows the dimensions of the projectiles used in this experiment. Even though the
dimension of these projectiles is the same, the mass is different. The differences in mass and
shape of the projectile significantly affect its velocity during the impact test.

Table 4
Dimensions of projectile
Type Length, / (mm) Diameter, d (mm) Mass (g)
Blunt 15 10 6
Conical 15 10 5
Hemispherical 15 10 5

RESULTS AND DISCUSSIONS

The high velocity impact test results using a Single Stage Gas Gun (SSGG) for both materials,
GFRP Type E-800 g/m? and Type C-glass/Epoxy 600g/m?, are presented in this section. Target
plates of four different thicknesses were impacted at varying velocities by projectiles of
different nose shape. For each thickness, three different gas gun pressures were used. A pilot
high velocity impact test was conducted to identify the maximum gas gun pressure that can
be applied before penetration occurs for each thickness value of the panels. Thus, the three
best pressures were decided to test for each one of the four panels with different thickness.

Kinetic Energy, (J) vs Pressure (bar)

=
00
o

160 /
140 ﬂ
€ 120 T
& &
£ 100 S T
s A
% 80 / y / 1
5 60 / | =o—blunt
40 / == conical
20 7 === hemispherical
0 10 20 30 40 50

Pressure, (bar)

Figure 2. Kinetic Energy-Pressure curve for blunt, conical and hemispherical shapes of projectiles

Figure 2 shows the projectile kinetic energy and pressure curves for the three different
projectiles experimented in this research. It shows that as the gas gun pressure increases, the
projectile kinetic energy also increases. The blunt projectile has the highest kinetic energy for
all tested gas pressures because the kinetic energy of a projectile is proportional to its mass and
velocity. Since the mass of the blunt projectile is higher than the mass of the hemispherical and
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conical projectiles, it therefore has the highest kinetic energy of all the projectiles as shown
in Figure 2. Even though the hemispherical and conical projectiles have the same mass, the
shape of the projectiles are different which affects their kinetic energy.

Impact Force Analysis
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Type E-800 g/m? 10 mm
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Figure 3. Maximum Force-Pressure curve for 6 mm, 8 mm, 10 mm, 12 mm thickness for Type C-glass/
epoxy 600 g/m? and Type E-glass/epoxy 800 g/m?

Figure 3 shows the relationship between maximum force and pressure for Type C-600 g/
m? and Type E-800 g/m? composites for each of the panel thickness, 6 mm, 8 mm, 10 mm, and
12 mm. As the pressure increases, the maximum force exerted on the specimen also increases.
This is because the projectile velocity increases with the pressure in the gas gun, and as a
result, the maximum force exerted on the specimen also increases. Due to the different shape
of the projectile the contact area between the composite and the impactor changes, affecting
the force exerted onto the specimen.

From Figure 3, it can be observed that the conical projectile provides the highest maximum
force followed by the hemispherical and blunt projectiles respectively. This is because the
shape of the conical projectile means that it has the smallest contact area compared with the
other two projectiles. Therefore, the contact area between the projectile and the tested specimen
affect the maximum force exerted on the specimen during the impact. The forces acting on the
projectile are the summation of the inertial force and the compressive force.

Inertial force depends on the velocity and the projectile cross sectional area, target density
and shape of projectile. Awerbuch and Bodner (1974) found that inertial force is also known
as work done, which can be obtained by equating the initial force on the target to the change in
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the kinetic energy of the material. The compressive force is the product of compressive stress
at the tip of the projectile and the cross-sectional area of the projectile. According to Udatha
et al. (2012), compressive force is obtained using an interactive approach starting with a trial
value of the compressive stress at the tip of the projectile. Mili (2012) says initial total contact
force is the summation of inertial force and the compressive force and the impact force and
central deflection are proportional to the projectile velocity.

Energy Absorbed Analysis
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Figure 4. Absorbed Energy-Pressure curves for 6 mm, 8 mm, 10 mm and 12 mm thickness Type C-glass/
epoxy 600 g/m?* and Type E-glass/epoxy 800 g/m? composite panels

Figure 4 shows that as pressure increases, there is a corresponding increase in projectile
velocity and absorbed energy. Increasing the initial velocity of the projectile makes penetration
more localised, resulting in a proportional increase in the energy absorbed by the laminates.
From the graphs, it can be seen that as the kinetic energy increased, the energy absorbed by
the specimen also increased. The graphs also show that the conical projectile has the highest
energy absorbed compared with hemispherical and blunt projectiles. The absorbed energy
generated for impacts onto the Type E-800 g/m? are significantly larger than for Type C-600
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g/m? due to its high stiffness. This shows that GFRP Type E-800 g/m? is stiffer than GFRP
Type C-600 g/m?. It can be surmised that the greater the peak impact forces, the stiffer the
projectile-to-target interactions. As projectile contact area decreases, energy absorption also
increases. This results a greater damage made by the conical projectile during impact compared
with the other two types of projectiles. Garcia-Castillo et al. (2013) noted two absorption
mechanisms: energy absorbed by the tensile failure of the fibres, and the energy absorbed by
the elastic deformation of the fibres.

Absorbed Energy (J) vs Maximum Force (kN) for Absorbed Energy (J) vs Maximum Force (kN) for
laminates with 6 mm thickness laminates with 8 mm thickness
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Figure 5. Absorbed Energy-Maximum Force curves for laminates (a) 6 mm (b) 8 mm (c¢) 10 mm (d) 12
mm thickness with Type C-Glass/Epoxy 600 g/m? and Type E-Glass/Epoxy 800 g/m?

Figure 5 shows the relationship between the maximum force and the absorbed energy for
the GFRP Type C-600 g/m? and Type E-800 g/m? for the laminates with thickness of 6 mm,
8 mm, 10 mm and 12 mm. The graphs in Figure 5 show that the absorbed energy is directly
proportional to the applied maximum force during impact. As the maximum force increases,
there is corresponding increase in the value of the absorbed energy. This shows that maximum
force has correlation with the energy absorbed. GFRP Type E-800 g/m? shows a higher
maximum force compared with GFRP Type C-600 g/m? for all thicknesses as it has a greater
impact resistance. The impact strength of a high impact resistant material is high thus greater
force is needed to initiate damage. The laminate used in this experiment is a woven laminate.
When no penetration of the laminates, the main energy-absorption mechanisms are fibre failure
and elastic deformation. Therefore, the materials’ initial stiffness and strength affect the impact
behaviour of the laminates.
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CONCLUSION

This study has measured and evaluated the effects of impact profile on parameters such as the
energy absorbed, maximum force, kinetic energy, and the initial velocity of projectiles. It was
found that the gas gun pressure significantly increases the maximum force and kinetic energy,
which means it has a direct correlation with the projectile impact velocity. The composite
specimens with the highest thickness and density experienced the greatest impact energy
absorption. As the gas gun pressure increases, the projectile kinetic energy, the projectile initial
velocity and the maximum force exerted on the specimen also increases. All those increasing
experimental parameters result in the proportional increases of the specimen energy absorption
throughout the impact tests. The impact performances of GFRPs were mainly affected by
specimen thickness, projectile shape and gas gun pressure. The laminates with Type E-800
g/m? are the strongest because of E-glass fibres are stronger compared with Type C 600 g/m?.
The results show that GFRP with Type E-800 g/m? is better in terms of its impact performance
in comparison with GFRP with Type C-600 g/m?, and this is due to E-glass fibre type’s higher
fibre volume and density together with its superior mechanical properties. Therefore, GFRPs
with Type E-800 g/m? are recommended for future aircraft structural applications.
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