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Abstract— Fiber glass reinforced composites are employed
as armor grade materials in many protective applications
because of their good energy absorption, high specific
strength and low density. One of such unique class of armor
composites is E-Glass / phenolic composites. In the present
study, physico-mechanical properties of these laminates
have been evaluated as per standard methods and
subsequently these composites of various thicknesses are
subjected to ballistic impact of low velocity soft projectiles
at varying angles of impact. Energy absorptions in terms of
fractional kinetic energy are calculated experimentally and
analyzed. Failure analysis of ballistic resistant glass
laminates is discussed.
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. INTRODUCTION

The concept of armor is not a recent one but the ever
increasing modern military operational strategies demand
light weight, highly mobile materials which lead to the
development of newer armor materials that possesses high
energy absorbing capacity, high specific strength and multi-
hit capability for the impact of ammunitions. Keeping in
view the stringent war field requirements, many studies have
been performed on a range of materials and their
applications towards armor. According to Hogg [1]
composite materials rely primarily on brittle micro-structure
to absorb energy. Fibers are driven into underlying layers
before they fail and beneath the projectile, material is
compressed and remaining layers absorb energy through
fiber elongation [2] Detailed study on penetration and
failure mechanism of armor grade composites under impact
loading was reported by Lee et.al [3].Experimental and
analytical studies on ballistic impact behavior of
Eglass/phenolic laminates against flat ended projectiles was
studied by Naik et.al[4].In another study ,P.K.Jena et.al have
studied on penetration of Al-7017 plates with non
deformable steel projectiles at a velocity of 840m/s at
different angles of impact [5].Many studies regarding
damage area at front side and backside of different
composite laminates are carried out by researchers[6], [7],
[8], [9]and[10].However studies pertinent to the failure
behavior of composites subjected to oblique impact received
less attention in their researches. In view of the importance
of the obliquity in enhancing the ballistic resistance of the
target plates, there is a need to develop an understanding of
the changes taking place at projectile—target interactions in
oblique impact. In the present study, investigations are made
on various aspects on the increase in the ballistic resistance
of E-Glass/Phenolic laminates impacted by 9mm.lead core
projectiles with 370+10m/s velocities, which to the best of
our knowledge have not been investigated before.

Il. MATERIALS AND METHODOLOGY

Target Material: Samples of E-Glass/Phenolic laminates are
made using commercially available E-Glass plain, woven
roving and phenolic resin matrix fabric material. These
laminates are prepared through hot pressing using prepegs
made from the fabric with size 150mm X 150mm and
thickness 3mm, Smm, and 9mm. Trimming and cutting of
laminates is done by diamond wheel cutting machine.

A. Projectile:

9mm.Lead core projectile, having mass of 5.65g and full
charge velocity of 370+10 m/s

I1l. EXPERIMENTAL DESIGN

Physico-Mechanical properties of composite laminates:
Properties such as density, hardness, resin content, fiber
content are measured and evaluated as per standard test
procedures.

Measurement of hardness of laminates: It is
measured by using Barcol hardness tester and the hardness
value is used as a measure of the degree of cure of the
matrix system. Indentations are made on ten different
locations and the average value is considered.

Tensile strength testing: Tensile strength testing of
laminates is carried out on Walter-Bai universal testing
machine as per ASTM3039 standards.

Tensile strength (Mpa) : (FL/W T)

Where FL = Failing Load (N), W = width of test
sample (mm) , T = Thickness of test sample (mm)

Tensile strength measurement helps in establishing
relation between the applied load distribution and adhesion
between fibers and polymer matrix.

Flexural strength testing: AS per BS 2782-304B
standard, specimens are tested in three point bending
apparatus with a span to thickness ratio of 16.

Flexural strength (Mpa) = (1.5 * fl * 1) / (W T?)
Where, = Distance between supports (80mm)
fl = Fracture Load (N)

W = Width of test sample (mm)

T = Thickness of test sample (mm)

Inter laminar shear strength (ILSS): As per 2782-
304A standards, it is determined by performing short beam
shear tests (SBS). Specimens of 70+2mm length, 5+0.5mm
thickness and 10+5mm width are taken and subjected to a
cross head speed of 1.5 mm/min in the universal testing
machine. Force is applied uniformly across the width of the
specimen by V-shaped block. Failing load is recorded.

ILSS (MPa) =0.75 x {FL/(W*T)}

Measurement of density of laminates: Laminate
density is measured as per BS 2782 PT-6-87 test method.
Density = (Dry weight) /(Dry weight — Wet weight)

Measurement of the fiber content of the laminate
(VE%): As per BS2782 PT-10-78 standard,
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Percentage fiber content (Vf %) = {(W; - W,) / W}
Where W, = Weight of specimen before heating
W, = Weight of specimen after heating

Post ballistic evaluation: The tested laminates are
removed from the ballistic test set-up and thoroughly
examined to study the failure mechanism.

Experimental set-up: Laminates of 150mm x
150mm size and thickness of 3mm, Smm and 9mm are cut
from sheets and impacted with 9mm lead projectiles.
Ballistic experiments are performed in a small arms range
using a standard rifle. The testing arrangement is shown in
Fig 1.
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Fig. 1: Experimental set-up for measurement of striking
velocity and residual velocity

The small arms range consists of a firing chamber,
a long tunnel and an observation chamber. The gun is
mounted on a rigid mount and the target holding C-clamp is
located in the tunnel at a distance of 10 meters from the
muzzle of the gun. The target holding C-clamp can be
rotated at any angle for oblique impacts. Selected oblique
angles are 00, 300, 450,600 and 750 . The striking and
residual velocities of the projectiles are measured in each
test with the help of chronometers. To measure the striking
velocities, one set of screens is placed at 6mm.and
8mm.distance from the muzzle of the gun. The other set is
placed at 0.2meters and 0.4 meters behind the target in order
to measure the residual velocity of the projectile.
Fractional kinetic energy calculations:
Kinetic energy of projectile before impact = % m(SV)?
Kinetic energy of projectile after impact = 2 m(RV)?
Fractional kinetic energy ( fxg ) = (RV)*/ (SV)*
Where m = mass of lead projectile (g)

SV= striking velocity (m/s)

RV= residual velocity (m/s)

IV. RESULTS AND DISCUSSIONS

Evaluation of Physico-Mechanical properties of laminates:
For getting a basic idea of mechanical properties of
laminates in relation to their ballistic performance, tensile
strength, flexural strength, ILSS, fiber volume content, are
measured and reported in Tablel.

Density Fiber Flexural | ILSS Tensile BI_?ngl
glcc vol. strength M strength ar
(V0% | (M Pa) Pa) | (M Pa) No.
2.00- 40-
205 65-67 | 465-480 57 360-370 | 65-70
Table 1: Physico-Mechanical properties of specimen
laminates

It shows from Tablel, that specimen laminates are
having consistent fiber content (Vf %) of about 65-67% of

the matrix and that these laminates are preferred for
experimentation as normally, laminates having high VT, i.e.
around 65% are suitable for low velocity ballistic
applications. Tensile strength of about 360-370 MPa,
flexural strength of about 465-480MPa and ILSS of about
40-42MPa is preferred for low velocity (about 350m/s)
ballistic applications and the specimens are very much close
to these values. As longitudinal tensile strength closely
follow fiber properties, polymer matrix has no significant
effect on tensile strength. The sensitivity of mechanical
properties of composites to fiber matrix adhesion will be
governed by how matrix and fibers are connected and how
the applied load is transferred and distributed to laminates.
In case of longitudinal tension, the matrix and fibers are
connected through fiber matrix interface in parallel and most
of the applied load is borne by fibers. Therefore as far as
mechanism of load distribution is concerned, the fiber
matrix adhesion should not be expected to play a dominant
role in the longitudinal tensile strength.

Effect of impact angle: Effective thickness
according to ‘(1)’, increases as shown in Fig. 2 along with
the angle of impact.
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Fig. 2: Schematic of the increase in effective thickness of
the target with obliquity
Effective thicknesses of 3mm and Smm laminates
when kept at 0° to 60° angles of impact are calculated and
presented in Table 2.

Impact Original Effective
angle thickness(mm) | thickness(mm)
0° 3 3
30° 3 3.46
45° 3 424
60° 3 6.0
70° 3 8.75
0° 5 5
30° 5 5.77
45° 5 7.07
60° 5 10

Table 2: Effective Thickness of Laminates

Clearly from Table 2, it shows that the projectile
has to go through an increased path length with increase in
obliquity. The increased path length will lead to more and
more energy dissipation in the target material and causing
increased loss of projectile energy during the interaction.
This is one of the factors contributing for the increase in
energy absorption with increase in angle of obliquity of the
laminate.
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Ballistic performance of the laminates: Ballistic Mean value 380.52 294 0.5971
efﬁcifancy is expres.sed in terms gf Qhange in fractiopal 378.83 | 244.8 | 0.4176
kinetic energy (.:arrled by the p.I'O_]eCtll.e after perforatlng 3713 | 258.02 | 04829
thrpggh the la.mlnate.. Areal den's1ty (welghj[ per unit a.rea), 5 10 30° [37421 1 27982 | 05591
striking velocity, residual velocity and projectile fractional
kinetic energy are calculated and given in Table 3 and Table 37891 | 279.05 | 0.5424
4 369.47 | 247.31 | 0.448

.Thic Arcal — ) . Mean value 374.54 261.8 | 0.4900
K density Impact strlklpg res1dga1 fraction 3874 | 14426 | 0.1387
ness (Kg/m2 angle | velocity | velocity | al KE 368.45 | 181.19 | 0.2418
(mm) | ) (deg) | SV(m/s) | RV(m/s) | fke () 5 10 | 45° | 3757 | 180.67 | 0.2313
375.1 335.65 | 0.7994 377.22 | 213.04 | 0.319
376.15 | 335.13 | 0.7939 380.06 | 106.58 | 0.318
3 6 0° 366.93 | 317.19 | 0.7501 Mean value 377.76 165 0.2019
384.66 | 357.68 | 0.8646 stoppe
386.76 | 356.68 | 0.8505 372.64 d 0
Mean value 377.92 340 0.8117 5 10 60° 388 12 | Stoppe 0
388.75 | 331.84 | 0.7286 ' d
376.86 | 305.28 | 0.6562 365.26  stopped 0
3 6 30° 376.76 | 347.94 | 0.8529 Mean value 375.34 0 0
388.83 | 350.43 | 0.8122
388.05 | 34432 | 0.7873 382.54 Stogpe 0
Mean value 383.85 335 0.7675 0 stoppe
378.78 | 303.97 | 0.644 ? 81 700 3% 17y 0
379.18 | 314.76 | 0.6891 stoppe
3 6 45° 386.84 338 0.7634 38781 d 0
382.1 326.35 | 0.7295 Mean value 388.11 0 0
389.53 | 30442 | 0.6108 Table 4: Ballistic test results of 5mm thick laminates
Mean value 383.28 317 0.6873 From Table 3 and Table 4, it shows that up to 30°,
370.65 20423 | 0.6302 there is a gradual decrease in residual velocity of the
37644 | 29222 | 0.6026 projectile and beyond that it decreases more steeply. It is
3 6 60° 365.64 | 275.96 | 0.5696 more effective in case of Smm thick laminate than 3mm
371.01 | 292.19 | 0.6202 thick laminate. This may be attributed to the higher effective
375.38 239.99 0.4087 thickness of laminate.
Fractional kinetic ener of the projectile is
Mean value 371.82 278 0.5663 calculated as per ‘(1)’, and Fig. 3’g};hows the cI})larjlge in the
0 383 stopped 0 fractional kinetic energy (fxg) against the impact angle.
3 6 70 382.5 stopped 0
390 stopped 0 z g'z
Mean value 385.16 0 0 Z 07 \
Table 3: Ballistic test results of 3mm thick laminates 5 0.6

It is observed from Tablg 3 that when 3mm % 0.5 3 m Thick
thickness laminate is subjected to 0° obliquity impact, the o 04
average residual velocity of the projectile is 340mm/s, Z 03
whereas at 300,450 and 60° it is decreased to 335m/s, 317m/s g 0.2
and 278m/s respectively. At 70° the projectile is completely 5! Smm Thick
stopped due to ricochet of the shot. In case of Smm thick g o 0 20 40 60
laminates, residual velocity decreased from 294m/s to =
165m/s when the obliquity increased from 0° to 45°. At 60° Impact Angle(Degrees)
it stopped completely due to ricochet of the shot as shown in  Fig. 3: Change in Fractional kinetic energy of projectile with

Table 4 and for 9mm laminate ricochet is at 0° obliquity.

Areal strikin | residua fraction
Thickne | densit | Impa g 1 al KE
ss y ct velocit | velocit P
mm Kg/m | angle | ySV y RV ke(l)
’ (m/s) | (m/s)
371.79 | 286.65 | 0.5944
393.85 | 315.12 | 0.6402
5 10 0° 3953 | 3144 | 0.6326
3644 | 263.15 | 0.5215
377.29 | 291.46 | 0.5968

varying impact angle

Fig. 3 shows there is a decrease in fractional kinetic
energy (fxg) with increase in impact angle. Higher the angle
of impact, higher is the energy absorbed by the target plate
and lower is the (fgxg).In case of 3mm plate thick, fig
decreases from 0.81 to 0.56. as the obliquity increases from
0° to 60°.It is also observed that up to 30° impact angle,
reduction in (fxg) is gradual and above 300, reduction in
(fxp) increased steeply and at 70°, (fgg) becomes zero,
because at 700, the effective thickness of laminate has
become 8.8mm and it became difficult for the projectile to
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penetrate in the forward direction. Instead of this, it took
into the least resistance path and gets ricochet. It is also
evident from Table 4, that when the projectile impacted
against a 9mm thick laminate at normal impact angle of 0°,
the projectile is stopped completely within the laminate. In
the case of 5mm thick laminate, when the projectile
impacted at 60°, the effective thickness of the laminate
islOmm and ricochet took place. This attributes that at
higher obliquity, the target material is absorbing more
energy due to its more effective thickness. Since the increase
in thickness has contributed to increased effective path
length of the projectile, more amounts of delaminations took
place due to increased fiber stretching before the lamination
gets failed.

A. Failure behavior of laminates:

The damage mechanisms include lesser resistance to the
projectile due to lower effective thickness and fibers have
undergone shear cutting mode of failure as shown in Fig.
4(a). However, beyond 30° the steep increase in the
effective thickness of the plate causes greater resistance to
the projectile motion and caused for more delaminations and
fiber stretching as shown in Fig. 4(b) and Fig.4(c)

s =

Fig. 4(a) Fig. 4(b) Fig. 4(c)

B. Damage Mechanisms under Ballistic Impact

In order to keep on its forward motion, the projectile
changes its direction to a lower resisting path, which is
observed in higher impact angles. That is why beyond 30°,
damage area increased and beyond 60°, it is expanded in
lateral directions also as shown in Fig.5 and Fig.6.
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Fig. 5: Failure pattern of 3mm E-glass laminates subjected
to various impact angles

Fig. 6: Failure pattern of Smm E-glass laminates subjected
to various impact angles
However after reaching a certain point, the
resistance of the front side of the target becomes higher in
comparison to that of the backside and hence the projectile
goes on perforating through the lower resisting backside
layers leading to delimitations in the lower layers. This is
clearly evident by observing Fig.7 and Fig.8 which shows
front and rear damage of layers in which damage in rear side
increases with thickness. This can be attributed that as
thickness increases, fiber stretching and delamination
increases due to increasing energy absorption of the
laminate.
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Fig. 7: Damage in 3mm thick laminates in front and rear
views
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Fig.8 Damage in Smm thick laminates in front and rear
views
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V. CONCLUSIONS

Mechanical properties of E-Glass phenolic composites have
been evaluated for low velocity (370+10m/s) ballistic
applications as per normal standards. These laminates are
subjected to ballistic impacts against 9mm lead core
projectiles at various impact angles (00, 300, 450, 600 and
700). Change in fractional kinetic energy of the projectile
(fKE) is studied with increase in impact angle for 3mm,
5mm, and 9mm thick laminates. It is observed from the
investigations that fractional kinetic energy (fKE) decreases
with increase in laminate thickness due to increase in areal
density. Also fractional kinetic energy (fKE) decreases with
increase in impact angle for both 3mm and 5mm thick
laminates. When the projectile impacted at 700 impact angle
against 3mm laminate, it could not penetrate and got
ricochet when the effective thickness becomes 8.8mm.A
similar behavior is observed at 600 impact angle in case of
5mm thick laminate at an effective thickness of 10mm and
at 00 impact angle for 9mm thick laminate. Failure behavior
of laminates is studied and observed that the dominant
failure mechanism at lower thicknesses is due to the
shearing of fibers where as at higher thicknesses it is due to
shearing, stretching and delamination. Rear side damage
area is increasing with increase in impact angle and
thickness .This may be due to increase in delamination and
fiber stretching.
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