Polym. Korea, Vol. 46, No. 4, pp. 470-475 (2022)
https://doi.org/10.7317/pk.2022.46.4.470

Aeep 2= nEX 23 Mzt H€AM 7Y
20| CHst EB=E5H

OEA SEX

Prabu Ravindran’

HAEES

ISSN 0379-153X(Print)
ISSN 2234-8077(Online)

e
=

7t
54
=1

2ZE A=Tt 0| ZA
&I

AE
51 Al |x-| =A}

, Kumarappan Mani Kumar*, Selvam Rangasamy*,

and Kuttynadar Rajammal Vijaya Kumar**

Vels Institute of Science Technology and Advanced Studies

*St. Joseph’s College of Engineering
**Dr. M.GR Educational and Research Institute

(2022 2¢¥ 18d M,

20223 4¢ 21¢

4, 20229 5¢ 209 A )

Experimental and Numerical Investigation of Ballistic Impact Analysis
on Kevlar Reinforced Polymer Composites and Shape Memory Alloy Sheet
Reinforced Kevlar Epoxy Polymer Composites

Prabu Ravindran'

, Kumarappan Mani Kumar*, Selvam Rangasamy*,

and Kuttynadar Rajammal Vijaya Kumar**

Vels Institute of Science Technology and Advanced Studies, Chennai 600117, India
*St. Joseph's College of Engineering, Chennai 600119, India
**Dr. M.GR Educational and Research Institute, Chennai 600095, India

(Received February 18, 2022; Revised April 21, 2022; Accepted May 20, 2022)

Abstract: In the present study, the ballistic impact resistance of kevlar reinforced polymer composites and shape memory
alloy sheet reinforced kevlar epoxy polymer composites have been compared numerically and experimentally. The test
specimens have been fabricated by the hand layup method, and the ballistic impact test has been conducted according
to NIJ Level IIIA. In the current research, a new method has been proposed to measure the ballistic impact resistance
of the material by using Image J software. From the test results, it has been observed that reinforcement of shape memory
alloy in kevlar epoxy polymer composites has increased the ballistic impact resistance by 89-145% for the damaged area
compared with plain kevlar reinforced epoxy polymer composite. Also, the damaged area observed in the numerical and

the experimental results is almost the same.
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Introduction

The development process of armor material for ballistic
applications had it focus on reducing the weight of the armor
and improving the ballistic impact'? resistance. The selection of
the armor material was to have improve toughness, good stiff-
ness, light weight, and low cost. The current research focuses
on improving the ballistic resistance of kevlar’™® epoxy polymer
composites by reinforcing shape memory alloy (SMA) in the
form of sheet in the polymer composite. Many researchers have
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carried out many kinds of research to improve the ballistic
impact resistance, and some of them are briefly presented
below.

The present study aims at evaluating the ballistic impact
properties of plain kevlar reinforced epoxy’ polymer composite
and shape memory alloy sheet reinforced kevlar epoxy polymer
composite. Ahmadi et al,® investigated the high-velocity
impact of glass fiber metal laminate composites. They reported
delamination between the glass fabric reinforcement layers and
that no such delamination was observed between the aluminium
sheet reinforcement and glass fabric. Park ef al.’ stated that
impregnation of shear thickening fluid in kevlar fabric affected
the back face signature and perforation ratio. Also, they
reported that the ballistic impact energy dissipated into kinetic
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energy dissipation and tensile energy dissipation. Zhang et al.,"
investigated experimentally and analytically the oblique high-
velocity impact of fiber metal laminates. Also, they reported
that the impact angle and the initial velocity influenced the
deflection of the projectile.

From the brief literature survey, it can be observed that fiber

metal laminates improve the ballistic impact®'°

resistance of the
composite. The current research also employs shape memory
alloy in kevlar epoxy polymer composites to improve the bal-

listic impact resistance.

Experimental

Materials and Fabrication. The test specimens were fab-
ricated from kevlar fabric of 400 gsm and with a density of 1.44
gm/cm’ using epoxy resin CT/E-120 of 1.2 gm/cm’ density. The
epoxy resin''""* and the hardener CT/Ah-60 were mixed in the
ratio of 10:1 for fabrication. The composites were fabricated by
the hand layup method to improve the bonding'* between the
reinforcement and the matrix. For shape memory alloy sheet
reinforced kevlar epoxy polymer composites, the SMA sheet
was stacked in the middle layer of kevlar fabric stacking and
epoxy resin mixed with hardener was applied as adhesive. The
samples were fabricated to a size of 300 mmx300 mm and the
edges of the test specimens were obtained using the abrasive
water jet machining process.

The specimens were stacked as [Kevlar/Kevlar]s, [Kevlar,/
SMA Sheet/Kevlar,]. The kevlar fabric was stacked one above
the other and in each layer, a coating of epoxy resin was applied
to enhance the bonding between the stacked kevlar fabrics.
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Figure 2. Ballistic impact simulation test conditions.

Numerical Analysis. The composite laminate for ballistic
impact analysis was designed using creo software and the fol-

lowing mechanical properties'>"’

were assigned for kevlar fab-
ric and shape memory alloy reinforcement. The test conditions
are shown in Figures 5.31 and 5.32 for plain kevlar reinforced
epoxy polymer composite and SMA Sheet reinforced kevlar
epoxy polymer composite.

The numerical analysis was carried out by ANSYS 19.2 ver-
sion software. The 3D model of the bullet and the samples were
prepared by using Creo 5.0 version software. The 3d modeled
bullet and the samples are shown in the below Figure. The
meshing applied was tetra and hexa mesh for the analysis. The
friction coefficient between the reinforcements was assigned as
0.4. The tensile yield strength of the kevlar fabric was assigned
as 1.85 GPa and the compressive yield strength of the kevlar
fabric assigned was 0.185 GPa and the ballistic impact®™ test
was conducted at 440 m/sec at NIJ Level IIIA. The test con-
ditions assigned for plain kevlar epoxy polymer composite and
SMA sheet reinforced kevlar epoxy polymer composite are

Table 2. Brass Properties

g—‘ :___ ‘n’
) I— - -—% m Density Shear Grunsein Parameter Parameter
3 Modulus ffici C]
Plain Kevlar SMA Sheet reinforced Kevlar (Kg/m ) (MPa) Coefficient (m/ SGC) S]
Figure 1. Plain kevlar and SMA Sheet reinforced kevlar stacking 8450 46000 204 3726 1.434
sequence.
Table 1. Kevlar Fabric Properties
Young’s Young S Young’s . , . , . , Shear Shear Shear
. . Modulus in . Poisson’s Poisson’s Poisson’s
Density, p  Modulus in Y direction Modulus in Ratio Ratio Ratio Modulus  Modulus  Modulus
(Kg/m®) X direction, E, E Z direction, E, XY, Xy, XY, XY, Ty YZ, T, XZ, T,
(GPa) GPa) (GPa) > By » Fie » Fox (MPa) (MPa) (MPa)
1440 18.5 18.5 6 0.25 0.33 0.33 770 543 543
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Table 3. Shape Memory Alloy Properties

. Young’s Modulus, . s . Bulk Modulus, Shear Modulus, Maximum Maximum
Density, p E Poisson’s Ratio, % G Tensile S Shear S
(Kg/m’) y ensile Stress, oy ear Stress, o
(GPa) (GPa) (GPa) (MPa) (MPa)
6450 28 0.31 24.56 10.687 551 275

Figure 3. Ballistic impact test setup.

shown in the below Figure. The assigned material properties of
kevlar reinforced epoxy polymer composite, shape memory
alloy sheet reinforcement and brass bullet are listed in Table 1.

Ballistic Impact Test. The ballistic impact test was con-
ducted at Ballistic Research Centre and Testing Range at
National Forensic Sciences University, Gujarat. The ballistic
impact test was conducted according to NIJ Level IIIA at 430
m/sec. The target panel was mounted on a fixture and the sam-
ple was fabricated to a size of 300 mmx300 mm. The bullet
used for testing was 9 mm and 19 mm in length, the firing dis-
tance was set at 5 m, and the angle of firing was set at 90°.
Three samples of plain kevlar reinforced polymer composite
and SMA sheet reinforced kevlar epoxy composite were tested
and the results obtained are discussed below.

Results and Discussion

Theoretical Analysis. Park et al.,” have stated that incident
ballistic impact gets dissipated into kinetic energy and tensile
energy. Also, they have said that specific energy absorption can
be calculated from the below formula.

) m11250= ET+Ek (1)

where Erand E, are tensile and kinetic energy dissipation
lngo

Specific energy absorption = @)

areal density

Z2v, Al46d A4, 202214

Numerical Analysis. The damaged area due to the ballistic
impact was measured by using Image J freeware software. It is
image processing software, which analyzes the image pixel by
pixel based on the contrast level. In the current research, the
damaged area was analyzed in terms of pixels and the amount
of pixels in a particular region was used to measure the dam-
aged area, which is the proposed method for measuring the bal-
listic impact resistance. The increase/decrease in the damaged
area can be used to measure the decrease/increase in ballistic
impact resistance of the material.

The numerical results were analyzed using image j software.
The image J analysis software was used for studying the bal-
listic impact areas of the samples. To measure the damaged area
the image of the sample was uploaded and the measurement
scale had to be set for measuring the damaged area.

Plain Kevlar Reinforced Epoxy Polymer Composite:
From the simulation test results, they found that for plain kevlar

epoxy polymer composite the deformation?**

observed was
1.3374 mm for the top layer. Also, the deformation observed for
the bottom layer was 0.1255 mm. No penetration was observed
in the composite specimen and deformation was higher in the
bottom layer compared with the top layer of the specimen.

SMA Sheet Reinforced Kevlar Epoxy Polymer Composite:
From the simulation test results, they found that for SMA sheet
reinforced kevlar epoxy polymer composite the deformation
observed was 1.1304 mm for the top layer. Also, the defor-
mation observed for the bottom layer was 0.1609 mm. No pen-
etration was observed in the composite specimen and
deformation was higher in the bottom layer compared with the
top layer of the specimen.

®

TOP LAYER

BOTTOM LAYER

Figure 4. Damaged area for plain kevlar epoxy polymer composite
at the top and the bottom layers.
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TOP LAYER

BOTTOM LAYER

Figure 5. Damaged area for SMA Sheet reinforced kevlar epoxy
polymer composite at the top and the bottom layers.

Table 4. Numerical Analysis Damaged Area Analysis Results
(Unit : mm?)

Specimens at different

: o Back face area
impact velocities

Front face area

Plain Kevlar-reinforced
polymer composites

SMA Sheet reinforced
Kevlar polymer composites

24891 1046.40

102.35 536.24

Ballistic Impact Test. Damage Absorbing Mechanisms:
During the ballistic impact, the incident kinetic energy of the
bullet was transferred to the test specimen during impact and
this energy would be absorbed in various forms. The energy
absorption would occur till all the kinetic energy from the bullet
was absorbed by the specimen till it reached zero and inden-
tation would occur in the specimen with various failure mech-
anisms.** And in case the initial kinetic energy of the bullet
exceeded the energy absorbed by the specimen, the bullet
would penetrate. The failure mechanisms commonly observed
were stretching and deformation of primary and secondary
yarns, shear plugging, matrix cracking,”** delamination,”” and
conical shape deformation at the back face of the test specimen.

Plain Kevlar Reinforced Epoxy Polymer Composite:
During the ballistic impact of plain kevlar reinforced epoxy
polymer composite, it was found that sample had some pen-
etration and the damaged area in the impact surface was 246.92
mm’ while the damaged area at the backside of the impact area

TOP BOTTOM

Figure 6. Damaged area of Plain kevlar reinforced epoxy polymer
composite.

was 1036.40 mm?. The results of the front and back damaged
areas obtained in the ballistic impact test compared with the
numerical results were 99.19% and 99.04% accurate. A partial
penetration was observed at the front face of the composite
structure due to the ballistic impact and a shear plug was
observed at the back face of the composite.

SMA Sheet Reinforced Kevlar Epoxy Polymer Composite:
During the ballistic impact of SMA sheet reinforced kevlar
epoxy polymer composite, it was found that the sample had
some penetration and the damaged area on the impact surface
was 100.44 mm? and the damaged area at the backside of the
impact area was 546.24 mm®. It was also observed that with
that the reinforcement of the SMA sheet in plain kevlar epoxy
polymer composite, the front damaged area was reduced by
89.73% and the back side damaged area was reduced by

BOTTOM

Figure 7. Damaged area of SMA Sheet reinforced kevlar epoxy
polymer composite.

Table 5. Damaged Area Analysis for Plain Kevlar Reinforced Epoxy Polymer Composite

Front Experimental Back Experimental
. Front front Back back
Specimen damaged area Accuracy damaged area Accuracy
damaged area damaged area damaged area damaged area o
type 2 average ) average (%)
(mm°) (mm?) average (mm®) (mm?) average
(mm?) (mm?)
246.92 1036.40
Plain Type 236.12 242.32 24891 1015.95 1036.40 1046.40 99.04
24391 1056.85 )
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Table 6. Damaged Area Analysis for SMA Sheet Reinforced Kevlar Epoxy Polymer Composite

Front Experimental Back Experimental
. Front front damaged Back back
Specimen damaged area Accuracy damaged area Accuracy
damaged area area o damaged area damaged area o
type 2 average (%) 2 average (%)
(mm®) (mm?) average (mm?) (mm?) average
(mm?) (mm?)
100.44 546.24
Srlvllﬁ} ?hegt 95.53 100.37 102.35 98.07 529.78 546.24 536.24 98.17
etmioree 105.35 562.70
Conclusion
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Figure 8. SEM images of failure mechanisms.

145.84%. The front and the back damaged area results obtained
in the ballistic impact test compared with the numerical results
were 98.13% and 98.14% accurate. A partial penetration was
observed at the front face of the composite structure due to the
ballistic impact and a shear plug was observed at the back face
of the composite. But it was comparatively smaller than the
shear plug observed for ballistic impact on plain kevlar epoxy
polymer composite. The reason for the decrease in the damage
area is the energy absorption capacity and impact resistance
offered by the shape memory alloy.”®

Morphological Analysis. The morphological analysis
revealed the potential failure mode observed during the bal-
listic impact test. The major mechanisms observed were fiber
cracking, matrix cracking, and delamination. Also, excellent
fiber and matrix bonding was observed between the fiber and
the matrix which increased the ballistic impact resistance of
the material.

Z2v, Al46d A4, 202214

In the current study, the ballistic impact analysis of kevlar
reinforced polymer composite and shape memory alloy rein-
forced kevlar epoxy polymer composite was carried out and the
following observations are presented below:

- The failure mechanisms observed during the ballistic impact
testing were delamination, fiber cracking, and matrix cracking.

- Addition of shape memory alloy sheet in kevlar epoxy poly-
mer composite increases the ballistic impact resistance by 89%-
145%.

- Further research can be carried out in improving the surface
of the shape memory alloy to improve the resistance to delam-
ination.
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