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Abstract

Numerical simulation has been widely used as a cost-effective
and practical solution to understand phenomena previously
determined only through experiment. One example is ballistic
impact simulation using the finite element method. The
simulation of ballistic impact was used to determine the effect of
fiber orientation and bullet velocity on the ballistic impact
strength of E-glass/isophthalic polyester. The analysis and
simulation process were conducted using ANSYS Workbench
v19.2 software. The simulation involved firing a 9 mm FMJ
Parabellum bullet with a mass of 6.98 grams at a composite panel
measuring 100x100x0.57 mm with 12 layers at specified
velocities. This study varied fiber orientation ([£45°] and [0°,
90°]) and bullet velocities (300, 500, and 800 m/s), using
symmetrical laminate arrangements. The simulation results
showed that the E-glass/isophthalic polyester composite with a
fiber orientation of [£45°] has 16.51% higher ballistic strength
compared to the [0°, 90°] fiber orientation. The highest ballistic
impact strength for the [+45°] fiber orientation occured at 500
m/s, surpassing the 300 m/s and 800 m/s velocities by 12.92%
and 43.81%, respectively. The Wen model was used for the
validation process, and the error values between the computed
and modeling results for the E-glass/isophthalic polyester
composite ranged between 1.62% and 20.64%.

Keywords:
Isophthalic polyester, E-glass, composite laminate, explicit
dynamic, ballistic impact.

1 Introduction

Synthetic fiber-reinforced polymer composites have been
extensively researched over the past century. These composites
increasingly replace conventional structural materials like wood,
metal, and reinforced concrete [1]. Amongst newly-developed
composites, Fiber Reinforced Polymers (FRP) are renowned for
their superior mechanical properties. Polymer composites with
fillers typically exhibit enhanced thermal, physical, electrical, and
mechanical properties due to efficient filling, processing, and
curing [2], [3]. These materials demonstrate high strength and
stiffness ratios. FRP is often used in manufacturing bulletproof
products. For ballistic impact protection, high-performance fibers,
such as glass, aramid, and carbon fiber, are commonly utilized [4].

As a matrix of FRP composite, polyester/polyethylene
terephthalate is a high-performance, low-cost thermosetting
polymer that is commonly used in packaging materials due to its
hardness, abrasion resistance, solvent resistance, electrical

insulation properties, and excellent rigidity [5], [6], [7]. Glass
fibers are the most commonly used reinforcement for advanced
composite materials across various applications [8]. Although
glass fibers have a relatively low density and high strength, their
Young's modulus could be higher. This results in a high strength-
to-weight ratio but only with a moderate modulus-to-weight ratio.
Despite this drawback, glass fibers remain widely used for
reinforcing polyester called Glass Fibre Reinforced Plastic
(GFRP) [9].

Composite armors comprise multiple layers of FRP composite
materials, typically including metals, composites, ceramics, and
other tightly bonded substances. This type of armor has led to
significant innovations in the industry. Despite achieving several
notable milestones, the ongoing progress in ballistic technology
demands the development of armor systems with superior
mechanical and impact performance, reduced weight, improved
formability, and the ability to withstand high-level threats [10].

Numerous experimental ballistics tests have been conducted to
investigate the mechanical responses of woven composites under
ballistic impact. The finite element method and analytical
modeling are the most commonly used numerical techniques
within the community for simulating mechanical responses under
ballistic impact [11].

The ballistic performance of FRP composites under impact is
largely determined by a combination of internal and external
factors, making it challenging to accurately predict their ballistic
limits. In recent years, researchers have dedicated efforts to
develop accurate analytical and numerical methods to forecast
these limits. Additionally, they have sought to improve their
understanding of how various factors affect the high-speed impact
behavior of FRP composites. A comprehensive review of the
theoretical and numerical research can be found in [12], serving as
a guide for modeling ballistic limits and designing bulletproof
composites.

The primary features of impact and penetration issues include
high-intensity loading and short-duration forces. Significant stress
is concentrated in the contact zone between the projectile and
target during the impact and penetration phases, causing plastic
deformation and target failure. The ballistic behavior of Fiber
Reinforce Plastic (FRP) composites under ballistic impact largely
depends on the simultaneous interaction of internal and external
factors, as illustrated in Fig. 1 [12].

Factors under ballistic impact
Internal Factors

]
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Fig. 1. Factors affecting the ballistic limit of FRP composite.

External Factors

Impactor shape

Elamvazhudi and Boodala [13] investigated the ballistic
impact by varying fiber orientations. Their findings revealed that
the damage mode was influenced by factors such as the projectile,
initial velocity, mass, and height of the impactor. The fiber
orientation, laminate thickness, fiber type, and fiber stacking
sequence were the primary factors affecting ballistic resistance.
Additionally, the arrangement of fibers, including their
orientation, significantly affected the enhancement of the
laminate's tensile strength. Mahesh et al. [14] studied the impact of
thickness and projectile shape on composites at a velocity of 300
m/s. The study found that the ogival-shaped projectiles caused the
most severe damage, resulting in a deeper penetration into the
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flexible composite blocks, followed by hemispherical and flat-
shaped projectiles.

An analysis was performed to evaluate the effect of fiber
orientation on the ballistic impact strength of the E-
glass/isophthalic polyester composite. The study specifically
examined and compared different fiber orientations and the
number of layers within the composite material. The ANSYS
Mechanical APDL R15.0 software was employed to analyze the
propagation of failures. Numerical simulations, like experimental
studies based on theoretical research, are efficient but may not
fully capture real-world conditions [15], [16]. However, through
computer implementation, accurate simulation models can reveal
the principles of penetration and the dynamic response of the
target.

Karthick and Ramajeyathilagam also studied ballistic speed
limits [17]. In their study, the composite consisted of eight layers,
and a cylindrical steel projectile with a shank diameter of 6.36
mm, a length of 25.3 mm, and a mass of 6.42 g was used to impact
GFRP and CFRP armors at a velocity of 110 m/s. The reported
ballistic speed limit ranged between 52.8 m/s and 63.7 m/s.

Wen [18] developed a calculation model to predict ballistic
speed limits. This model assumed that the average pressure
applied normally to the projectile surface can be divided into two
components: cohesive resistive pressure from the quasi-static
elastic-plastic deformation of the composite and dynamic resistive
pressure from the impact velocity.

Wen discussed the resistive pressure during ballistic impact
and provided the assumption that the initial pressure o is applied
to the surface of the projectile, and the rejection of penetration and
the perforation projectile by the laminate is divided into two parts:
cohesive quasi-static resistive pressure and dynamic resistive
pressure. Wen's ballistic model formula is presented in Eq. 1.

3m theD T 32G
Vv, = [1 + /1 + WtDZT] 1)

where V), is the ballistic speed limit (m/s), B is the dimensional
constant, o, is the equivalent stress (MPa), p; is the density of the
composite (kg/m®), D is the projectile diameter (mm), T is the
composite thickness (mm), and G is the mass of the projectile (g).

This study investigates the effect of bullet velocity and fiber
orientation in composite materials on the impact strength of E-
glass/isophthalic polyester composites. Various bullet velocities
were employed on a 12-layer composite with different fiber
orientation directions.

2 Research Materials and Methods

The investigation supported by ANSYS Mechanical APDL
R15.0 provides robust and powerful results of finite element
analysis. The opted material as a bulletproof composite was an
isopthalic-polyester matrix with E-glass fiber reinforcement. The
fiber and matrix were mixed by the ratio of 1:1.7 by fraction
volume. E-glass/isophthalic-polyester composites were built in
laminar form with 100x100x0.57 mm, consisting of 8, 12 and 16
layers. E-glass fiber reinforcement varied in [0°,90°] and [£45°]
orientation. Brass projectile with a caliber 9 mm has a mass of
6.98 grams which is modeled according to N1J-0101.04 [19]. The
type of element used in the ANSYS software was a solid
tetrahedral, as shown in Fig. 2.

Fig. 2. Tetrahedral projectile element.

The composite material used was type E glass fiber (E-glass)
as reinforcing fiber and isophthalic-polyester as the matrix, with a
reinforcing fiber volume fraction of 36.51%. Mechanical property
data was obtained based on ASM Handbook volume 21 [20]
(Table 1).

Table 1. Mechanical properties of E-glass/isophthalic-polyester
composite

Mechanical properties —Unigicr:e'\c/ltliJonal
Young modulus longitudinal (GPa) 25.80
Young modulus transversal (GPa) 8.0
Young modulus z axis (GPA) 8.0
Poisson ratio (yx-axis) 0.09
Poisson ratio (zx-axis) 0.09
Poisson ratio (zy-axis) 0.29
Shear modulus in the xy-axis (GPa) 8.40
Shear modulus in the yx-axis (GPa) 3.10
Shear modulus in the xy-axis (GPa) 8.40
Density (kg/m?) 1680

The material used for the projectile was brass with mechanical
properties based on past research by Zochowski [21] and
Gmitrzuk [22] (Table 2).

Table 2. Mechanical properties of projectile

Density (kg/m®) 11340
Young modulus x axis (GPa) 16x10°
Poisson ratio xy axis 0.44

The applied velocities of the bullet analyzed using ANSYS
were 300, 500, and 800 m/s. The types of material used on
ANSYS software were solid 164, orthotropic material for
composite, and solid 168 rigid for bullet projectile.

Modeling of loading conditions in this research includes initial
velocity, displacement, and contact. In this study, various speeds
were used. This displacement loading condition was applied to
resist movement, both translational and rotational, on the outer
edges of the composite by holding the nodes at each outer corner
of the composite, as depicted in Fig. 3.

Fig. 3. Displacement loading.

3 Results and Discussion

The directions of composite fibers used in this modeling were
[£45°] and [0°,90°]. Therefore, the constant and strength of the
composite may change according to the variations in the direction
of the composite fibers (Table 3 and Table 4).
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Table 3. Composite constants according to fiber direction
variations

Composite constants

0° 90’ 45° -45°
E. (GPa) 0.720 0.070 0.497 0.293
E, (GPa) 0.070 0.720 0.293 0.497
E; (GPa) 0.070 0.070 0.070 0.070
Vip 0.351 0.122 0.379 0.093
Vo3 0.122 0.351 0.093 0.379
Vi3 0.122 0.122 0.122 0.122
Table 4. Composite strength according to fiber orientation
variation

Strength (GPa)

o’ 90’ 45 -45°
Xt 0.720 0.070 0.497 0.293
Yt 0.070 0.720 0.293 0.497
Zr 0.070 0.070 0.070 0.070
Xe 0.351 0.122 0.379 0.093
Yc 0.122 0.351 0.093 0.379
Zc 0.122 0.122 0.122 0.122
S 0.102 0.102 0.325 0.325
Sz 0.051 0.102 0.036 0.108
Si3 0.102 0.051 0.108 0.036

The calculation of the supporting data, the modeling results
were obtained in the form of a decline in projectile speed when
hitting the composite [£45°] and [0°,90°] in Fig. 4.
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Fig. 4. Composite projectile velocity graphs in [+45°] and [0°,90°]
directions: (a) 12 layers at 300 m/s, (b) 12 layers at 500 m/s and
(c) 12 layers at 800 m/s.

From Fig. 4, the post-perforation velocity (Vy,) and the ballistic
limit velocity from the modeling results (V,) are obtained in Table
5.

Table 5. Ballistic speed limit of the composite in [£45°] and
[0°,90°] directions using 12 layers at 300, 500 and 800 m/s

Fiber orientation Vo (m/s) V, (mls) Vb(m/s)|

[£45°] 300 265.76 34.24
500 461.02 38.98
800 772.07 27.92

[0°,90°] 300 267.40 32.60
500 463.07 36.93
800 775.33 24.67

Table 5 shows that the ballistic limit of the modeled results is
close to the results of the modeling in the study. The composite
with a [£45°] fiber orientation has a ballistic limit that was 16.23%
greater than that of the composite with another orientation
[0°,90°]. This is because the perforation time of the projectile in
the [£45°] fiber-oriented composite was 15.35% longer than in the
[0°,90°] fiber-oriented composite, as shown in Fig. 5.
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Fig. 5. Ballistic limit of 12 layers composite, [+45°] and [0°,90°]
fiber directions vs. 300, 500, 800 m/s projectile speeds.
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The duration of perforation time was obtained by taking the
difference between the projectile's initial speed just before hitting

[+45°] 300 ms™, 1.4E-5s

the composite and the speed after perforating is illustrated in Fig.
6, while the total perforation time is summarized in Table 6.

[0°,90°] 300 ms™, 1.4E-5s

[£45°] 300 ms™', 1.7E-5s

[+45°] 300 ms™, 2.1E-5s

Table 6. Total perforation time for a 12-layer composite at [+45°]
and [0°,90°] fiber directions

Fig. 6. Von Mises stress distribution with a bullet projectile speed of 300 m/s.

Fiber orientation to (S) tp (S) teot (S)
[£45] 300 265.76 34.24
500 461.02 38.98
800 772.07 27.93
300 267.40 32.60
[0°,90°] 500 463.07 36.93
800 775.33 24.67

At each speed of 300, 500, and 800 m/s, the von Mises amount
received by the composite was measured three times: at the start,
middle, and end of the perforation.

At 1.4E-5s (see Fig. 6), the composite with fiber orientation
[x45°] achieved the maximum von Mises stress of 0.307 GPa. In
contrast, the composite with a fiber orientation of [0°,90°] had
already experienced a von Mises stress of 0.452 GPa. This causes
the composite with a [0°,90°] fiber orientation to deteriorate more
quickly. In contrast, at 1.7E-5s (Fig. 6), the maximum von Mises
stress on the composite with [+45°] fiber orientation was lower, at
2.89 GPa, compared to the [0°,90°] composite, which was at 3.94
GPa as shown in Fig. 6. This is because the composite with [£45°]
fiber orientation undergoes perforation more slowly than the
[0°,90°] composite. At 2.1E-5s, the maximum von Mises stress on

[0°,90°] 300 ms™', 1.7E-5s

the composite with [+45°] fiber orientation was higher at 1.83
GPa, compared to the [0°,90°] composite, which was at 1.78 GPa.
This occurs because the composite with orientation [+45°] is still
experiencing perforation, while the composite with [0°,90°] fiber
orientation is almost done with perforation (see Fig. 6).

At 2.1E-5s (see Fig. 7), the composite with [+45°] fiber
orientation achieved the maximum von Mises stress of 0.208 GPa.
In contrast, the [0°,90°] fiber orientation had already experienced
a von Mises stress of 0.320 GPa. This causes the composite with
[0°,90°] fiber orientation to deteriorate more quickly. In contrast,
at 1.2E-5s (Fig. 7), the maximum von Mises stress on the
composite with [+45°] fiber orientation was lower, at 2.49 GPa,
compared to the [0°,90°] composite, which was at 2.92 GPa as
shown in Fig. 7. This is because the [+45°] fiber orientation
undergoes perforation more slowly than the [0°,90°] composite.
As shown in the figure, the composite with [0°90°] fiber
orientation had experienced damage much earlier. At 2.2E-4s, the
maximum von Mises stress on the composite with [£45°] fiber
orientation was higher at 1.34 GPa, compared to the [0°,90°]
composite, which was at 1.33 GPa. This occurs because the
composite with orientation [£45°] has just started to experience
damage, while the composite with [0°,90°] fiber orientation has
fully deteriorated (see Fig. 7).
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[+45°] 500 ms™, 2.1E-5s

[+45°] 500 ms™, 2.2E-5s

- — eth ey STIORe

At 0.3E-5s (see Fig. 8), the composite with [+45°] fiber
orientation achieved the maximum von Mises stress of 8.22 GPa.
In contrast, the [0°,90°] fiber orientation had already reached a
von Mises stress of 9.13 GPa. This causes the composite with
[0°,90°] fiber orientation to deteriorate more quickly. In contrast,
at 0.5E-5s (see Fig. 8), the maximum von Mises stress on the
composite with [+45°] fiber orientation was lower, at 6.73 GPa,
compared to the [0°,90°] composite, which was at 7.05 GPa. This
is because [+45°] fiber orientation undergoes perforation more

[+45°] 800 ms™, 0.3E-5s

Fig. 7. Von Mises stress distribution with a bullet projectile speed of 500 m/s.

[0°,90°] 500 ms™', 2.1E-5s

slowly than the [0°,90°] composite. The figure shows that [0°,90°]
fiber orientation of composite had already suffered more severe
damages. At 0.8e-4s, a similar pattern was observed: the
maximum von Mises stress on the composite with [+45°] fiber
orientation was higher, at 4.04 GPa, compared to the [0°,90°]
composite, which was at 1.56 GPa. This occurs because the
composite with [+45°] fiber orientation was still undergoing
perforation, while the composite with orientation [0°,90°] was
almost done with perforation (see Fig. 8).

[0°,90°] 800 ms™', 0.3E-5s
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[£45°] 800 ms™', 0.5E-5s

[0°,90°] 800 ms™', 0.5E-5s

Changing the direction of E-glass composite reinforcing
fibers/isophthalic polyester from [0°,90°] to [£45°] also affects the
ballistic impact strength. Using the ballistic speed limit data in
Table 5, the ballistic strength of the composite fiber direction
[245°] and [0°,90°] is obtained in Table 7.

Table 7. Ballistic strength of the composite [+45°] and [0°,90°]

Fiber orientation Vo (M/s) Ballistic strength (MPa)
o 300 9.35
[+45] 500 12.10
800 6.20
[0°,90°] 300 8.47
500 10.87
800 4.85

From Table 7, it can be concluded that the ballistic strength of
the composite with [+45°] orientation was 16.51% higher than the
composite with the fiber direction [0°,90°]. To better illustrate the
difference in ballistic strength between these fiber directions, a
graph is provided in Fig. 9.

—u— [+45]

)
-
L)
1

-
o
1

[o2]
1

Impact Ballistic (MPa

2]
1

300 400 500 600 700 800
Projectile Velocity (m/s)
Fig. 9. The comparison of ballistic strength of composites [+45°]
and [0°,90°].

Fig. 8. The distribution of von Mises stress with a bullet projectile speed of 800 m/s.

To validate the obtained results, the Wen’s ballistic model [7]
was employed. In Table 8, the composite ballistic speed limits
[+45°] and [0°,90°] calculated by the Wen’s model are presented.

Table 8. Ballistic limit of the Wen’s model

Fiber orientation Layer number Vi (m/s)
[£45°] 12 33.69
[0°,90°] 12 29.43

The relative error value was determined from the percentage
difference between the ballistic speed limit calculated by the
Wen’s model (V,,) and the modeling results (V). Table 9 shows
that the highest relative error that occurred was 20.64%. The
results indicated that the finite element model demonstrates in
predicting the effect of fiber orientation on the ballistic impact
strength of E-glass/isophthalic polyester composites.

Table 9. Relative error in composites with 12 layers

Fiber Projectile Vm Vp Relative error

orientation speed (m/s) (m/s) (m/s) (%)
300 33.69 34.24 1.62

[£45°] 500 33.69 38.98 13.58

800 33.69 27.93 -20.64
300 29.43 32.60 9.71

[0°,90°] 500 29.43 36.93 20.30

800 29.43 24.67 -19.32

4 Conclusion

Based on this research, several key findings are highlighted.
The 12-layer E-glass/isophthalic polyester composite with a fiber
orientation of [£45°] had 16.51% higher ballistic strength than
with fiber orientations of [0°, 90°]. The highest ballistic impact
strength for the [+45] fiber orientation occurred at a velocity of
500 m/s, outperforming the 300 m/s and 800 m/s velocities by
12.92% and 43.81%, respectively. Validation using the Wen
model confirmed the accuracy of the simulation, with relative
error values ranging between 1.62% and 20.64%.
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