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Abstract. Ballistic materials play a vital role in Defence applications for providing protection against
specified projectiles. They are used as a primary material in the manufacturing of bulletproof vests and
armored fighting vehicle. Hence, failure analysis of these materials under impact load conditions has become
an important study to qualify them for Defence applications. Impact phenomenon is a very complicated
process in which the performance depends on many parameters like duration of the impact, kinetic energy,
velocity of projectile and the properties of target and the projectile materials. Based on the projectile impact
velocity, the impact phenomenon is categorized into low, medium, high and hyper velocity impacts. For the
present study, Glass Fiber Reinforced in Polyester matrix is considered as a Ballistic material. This Glass
Fiber Reinforced in Polyester matrix is subjected to medium velocity impact having velocity of around 350
m/sec by means of 9 mm pistol and low velocity impact having velocity of around 100 m/sec by means of
gas gun experimental set up. The fired ballistic panels are subjected for Non-Destructive Evaluation
(Thermography, X-ray Radiography, Visual inspection and Ultrasonic C-scan) and the various defects and
their effects are analyzed and presented in this paper.
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1. Introduction

Structural impact problems have become increasingly important for the modern industry.Due to the
complex nature of the problem; structural impact is still not fully understood, despite a large number of
studies that have been carried out in the last few decades. Corran et al. [1] investigated the effect of projectile
mass, nose shape and hardness on penetration of steel and aluminum alloy plates of varying thickness. They
used blunt and cylindro-conical projectiles and observed that the ballistic limit of the plate changes with
change of projectile mass and nose shape. Levy and Goldsmith [2] used blunt, spherical and conical
projectiles and measured impact load, permanent deflection and strain in aluminum and mild steel plates.
They observed that an increase in the projectile mass results in a decrease of the ballistic limit. Ipson and
Recht [3] found that blunt projectiles penetrated the target more efficiently than conical projectiles when the
thickness of target was moderate. In the case of thin and thick targets, however, an opposite trend was
observed. Investigations carried out by Win grove [4] on aluminum alloy targets suggested that blunt
projectiles can penetrate the target more efficiently than either the hemispherical- or ogive-nosed penetrators,
if the ratio of target thickness to projectile diameter is less than one. Othe et al. [5] found that conical
projectiles are efficient penetrators. As their nose angle is decreased, the perforation resistance of the target
tends to drop. The critical perforation energies were found to be equal in the case of blunt and hemispherical
projectiles.

Camacho and Ortiz [6] carried out finite element simulation of projectile impact. They used adaptive
meshing to avoid problems of mesh distortion and evolving contact. They reported good agreement between
the computational and experimental results for the case of impact of aluminum plates by conical-nosed
projectiles.

Borvik et al. [7] carried out experimental and numerical investigation on impact of steel plates with blunt
nose projectiles. They used a finite element model and predicted the influence of various parameters such as
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material damage, temperature and strain rate. They found that element size is a vital parameter in numerical
simulation because results are significantly improved by refining the mesh.

Borvik et al. [8,9] further studied the impact behavior of steel plates when struck by blunt,hemispherical
and conical projectiles. They found from experiments that blunt projectiles were more efficient penetrators
than hemispherical and conical projectiles at low velocities. However at higher impact velocities, conical
projectiles required less energy to perforate the target. Close agreement was found between experimental and
corresponding finite element results. It was shown that adaptive meshing is desirable in 2D simulations of
impact by conical and hemispherical projectiles. They also found good agreement between adaptive
simulations and experimental results.

The above discussion shows that even though different aspects of the impact problem have been studied
in previous experimental, analytical and numerical investigations, yet the problem of projectile impact on
Polymer Matrix composite plates continues to attract research attention on account of the involvement of a
large number of factors including material parameters, target and projectile geometry, boundary conditions
and velocity of impact. Variations in the above factors have profound influence on the deformation behavior
of the target plate. Different researchers have often used different impact conditions and obtained conflicting
results. In the present experimental program, projectiles of various mass with various velocities (medium
around 350 m/sec and low around 100 m/sec) impacted onto 7mm thick Glass Fiber Reinforced in Polyester
matrix panels. The fired ballistic panels are subjected for Non-Destructive Evaluation (Thermography, X-ray
Radiography, Visual inspection and Ultrasonic C-scan).

The impact response and damage mechanisms are very complex and depend on a number of parameters
such as impact velocity, impact angle, nose shape of impactor, target material (including fibre volume
fraction and lay-up) and target geometry. In particular, impact velocity has been recognized as an important
factor to classify the impact target response for a non-deformable impactor at normal incidence. Thus, high-
velocity impact means that the target response is controlled by local behaviour of the material because of
relatively small impact mass and short contact duration so that available kinetic energy is likely dissipated
over a small zone surrounding the contact area. The failure mode is dominated by perforation.

Low-velocity impact of present interest is usually associated with relatively large impact mass and long
contact duration so that the entire target structure responds, thereby enabling more kinetic energy to be
absorbed elastically. Under such conditions, the dynamic response is important, and damage is strongly
affected by the target geometry and material properties. Typical failure modes are matrix cracking, surface
microbuckling, delamination, fibre shear-out and fibre fracture. In particular, delamination is a major damage
mode due to the relatively low interlaminar shear strength of composite materials.

The resistance of metallic materials to ballistic penetration depends on a number of parameters. These
parameters can be broadly classified as projectile-related (projectile size, shape, density and hardness),
impact-related (impact velocity and angle) and target plate-related (hardness/strength, ductility,
microstructure and plate thickness). The present paper is primarily concerned with the influence impact
velocity of the projectiles, mass of the projectiles and failure characterization.
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Fig. 1: Different final situations after impact: Arrest (A), Ballistic Limit (B), and Perforation(C)
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2. Experiment Details

2.1. Plate Material
Glass fibre is reinforced in polyester matrix is used as the test specimen material. Glass fibre mat is
prepared in the form of woven type.

2.2. Projectile
Various projectiles used for the for medium and low velocity impact are listed below.

SI.NO IMPACT TYPE PROJECTILE MASS
1 medium velocity impact 11 mg
556 g
2 Low velocity impact 62g
169

2.3. Medium Velocity Impact by Ballistic Testing Setup:

The ballistic test setup consists, a weapon to fire the projectile; velocity measurement before and after
impact (counter);fixture to mount the sample. Normally ,in ballistic test setup,live,original rounds are used as
projectile and hence the fixing of strain gauge on the impactor is difficult.

The test is performed as per National Institute for Justice (NI1J)standard , an American standard to test the
ballistic performance of armour material against small arms. The panels were fixed on the fixture
perpendicular to projectile axis. The distance between the projectile ant the target was maintained at 10
meters. The samples were test fired with 9 mm revolver projectiles having impact velocity around 350 m/sec.

Time countar T i

Velocity detectors Test specimen
{Impact velocity)

Launchers
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A

The test fired sample panel front and rear side damages are shown in fig.2
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Fig. 2: Front side (A) ,rear side (B)

97



Fig. 3: Close-up view of attack point 1 front and rear side

Fig. 4: Close-up view of gas gun impact with mass 556 grams (70 m/sec) front and rear and side view

2.4. Low Velocity Impact by Gas Gun Setup:

The projectiles which impacting solid with velocities of less than 100 m/sec , is termed low velocity
impact. Low velocity impact is considered potentially dangerous mainly because the damage might be left
undetected. For the present study low velocity impact is performed by using Gas gun set up .The various
components in the set up is shown in fig.4
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Fig. 5: Schematic diagram of the gas gun experimental setup

3. Experimental Results

3.1. Thermography
Infrared thermography is the science of acquisition and analysis of thermal information by using non
contact thermal imaging devices. Thermography is the use of an infrared imaging and measurement camera
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to "see" and "measure” thermal energy emitted from an object. Thermal, or infrared energy, is light that is
not visible because its wavelength is too long to be detected by the human eye; it's the part of the
electromagnetic spectrum that we perceive as heat. Unlike visible light, in the infrared world, everything
with a temperature above absolute zero emits heat. Even very cold objects, like ice cubes, emit infrared. The
higher the object's temperature, the greater the IR radiation emitted.Infrared allows us to see what our eyes
cannot. Infrared thermography cameras produce images of invisible infrared or "heat™ radiation and provide
precise non-contact temperature measurement capabilities. Nearly everything gets hot before it fails, making
infrared cameras extremely cost-effective, valuable diagnostic tools in many diverse applications. And as
industry strives to improve manufacturing efficiencies, manage energy, improve product quality, and
enhance worker safety, new applications for infrared cameras continually emerge.

SI NO Firing point Method of inspection Total damage area in cm?

1 Damage point 4 Reflection method (50hz) 25.02

2 Damage point 2 Transmission method(50hz) 23.98

3 Damage point 4 Transmission method(50hz) 25.46

4 Damage point 4 Transmission methOd(Sthng?]rtnge area painted with block 25,38

5 Damage point 5 Reflection mode method(50hz)_—damge area painted with 25 46

block paint

Fig. 6: Damage point 4 Transmission Fig. 7: Damage point 4 Transmission
method(50hz) —thermograph image view method(50hz) —graph Pixels Vs Temperature

3.2. X-Ray Radiography

Fig. 8: Damage point 4

4. Conclusion

Impact damaged area for medium velocity impact is calculated using thermography and that is validated
by the x ray radiography. Transmission mode with 50 Hz thermography is coinciding with x ray radiography.
From the x ray radiography image it is concluded that the material is damaged for full depth even though the
bullet is not fully penetrated. Both x ray radiography and thermography shows that the bullet is there within
the material after the impact. Low velocity impact was performed with the bullet masses 557g, 62g and 16¢
with various velocities. The 5579 bullet with velocity 70 m/sec (which is the maximum velocity that can be
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obtained by using the above said set up) was partially penetrated because there is no full penetration, it is
impossible to calculate ballistic limit. The fired ballistic panels are undergoing Ultrasonic C-scan to study the
failure modes.
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