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Hybrid composite laminates consisting of layers of fibers and metal
are a new generation of composites that sometimes have better
mechanical properties and a greater weight-to-strength ratio than
their constituent materials. 3D glass fibers have two layers of fibers
on both sides with transverse links and with hollow space between
the layers. In this paper, the ballistic limit of Fiber metal laminates
(FMLs) including aluminum metal and polyvinyl chloride reinforced
with 3D glass fibers has been investigated. Composite laminates
include an aluminum layer in the middle and two composite layers
on both sides. The matrix of composite layers has been polyvinyl

chloride. Hand layup and hot pressing methods were used to make
the samples. The ballistic limit speed of the samples was calculated
with a gas gun. The results showed that the ballistic limit of the
composite sample against the blunt projectile was higher than that of
the hemispherical warhead projectile.
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1. Introduction

Composite materials are formed by the combination
and physical mixing of two or more distinct
substances, rather than by chemical reaction. In such
materials, the constituent components retain their
own chemical and physical properties [1]. In
mechanical engineering, a composite is defined as a
material consisting of two main constituents: a
reinforcement and a matrix. Each component has a
specific function—the reinforcement bears the load
and determines the stiffness and strength of the
composite, while the matrix is responsible for
transferring and distributing the applied stresses [2].
Composites are generally classified according to their
matrix material into metal matrix composites
(MMCs), ceramic matrix composites (CMCs), and
polymer matrix composites (PMCs). Among them,
PMCs are the most widely used because of their low
density and favorable strength-to-weight ratio [3]. In
PMCs, the matrix is wusually composed of
thermosetting or thermoplastic polymers, and the
reinforcement consists of high-strength fibers such as
glass or carbon fibers. Thermoplastic-based
composites have gained particular attention in recent
years owing to their excellent environmental
resistance, ability to be reformed, high fracture
toughness, good impact strength, recyclability, and
long shelf life, compared with their thermoset
counterparts [4-6]. Fiber Metal Laminates (FMLS)
are hybrid materials consisting of alternating layers
of metals—such as aluminum, magnesium, titanium,
or steel—and fiber-reinforced polymer layers. Due to
their lightweight structure, high specific strength,
good fatigue performance, and impact resistance,
FMLs are considered promising alternatives to
conventional metallic materials [7,8]. In these
laminates, the layers are bonded together by an
adhesive. When a crack initiates in one layer, its
growth is often arrested at the interface before
propagating to the next layer, thereby reducing the
overall crack growth rate and significantly increasing
the fatigue life of the material [9,10]. Owing to these
advantageous properties, FMLs have attracted
considerable attention in the aerospace industry [11].
A well-known example is GLARE, which has been
successfully used in the Airbus A380 aircraft [12].
Other notable types of FMLs include ARALL [13]
and CARALL [14]. While metallic sheets generally
exhibit high formability, reinforcing fibers have
limited deformability. The fracture strain of carbon
fibers is typically about 1%, while that of glass fibers
is approximately 5% [15]. Plastic deformation along
the fiber direction in FMLs may lead to fiber
breakage; therefore, interlaminar sliding must occur
to accommodate deformation in this direction. This
mechanism can be promoted by increasing
temperature, which softens the thermoplastic matrix.
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Another deformation mechanism in woven fiber
layers is intralayer shear, which occurs through the
rotation of fibers relative to one another [16].
Traditionally, thermosetting resins have been used as
the matrix in FMLs; however, replacing them with
thermoplastic matrices can significantly improve the
impact resistance of these materials [17].
Furthermore, thermoplastic matrices reduce the
production cycle time and enhance recyclability [18].
The mechanical properties of thermoplastic-based
FMLs have been extensively studied by various
researchers [19-21]. Another distinct advantage of
these materials is their post-formability, meaning that
they can be reshaped after fabrication [22]. Moussa
et al. [23] investigated the influence of process
parameters on geometric accuracy and delamination
in polypropylene (PP)-based FMLs during the
stamping process. They reported that increasing the
forming speed leads to lower geometric errors. In
another study, the same authors [24] analyzed the
deformation behavior of these laminates through
finite element simulations.

Gresham et al. [25] studied the deep drawing of PP-
based FMLs and found that increasing the forming
temperature reduces sheet fracture but increases the
tendency for wrinkling. Sexton et al. [26] examined
the deformation and strain distribution of PP-based
FMLs during hemispherical punch forming. Kalyana
et al. [27] showed that heating during the forming of
thermoplastic-based FMLs causes matrix melting,
which facilitates interlayer sliding. Dharmalingam et
al. [28], through finite element analysis,
demonstrated that the optimal forming temperature
for achieving maximum formability in PP-based
FMLs is around 130 °C. Vollmer et al. [29]
conducted both numerical and experimental studies
on the deep drawing of thermoplastic-based FMLs
and concluded that the drawing depth is limited by
wrinkling, cracking of the outer metal sheets, and
fiber breakage. Han et al. [30] developed an
analytical model to predict springback in the V-die
forming of thermoplastic FMLs, while Rajabi et al.
[31] employed the Taguchi design of experiments
method to study the influence of blank holder force
and temperature on the deep drawing process of
thermoplastic-based FMLs.

In this study, polymer-based composite laminates
were fabricated using the hand lay-up method under
a pressure of 2.5 bar and a temperature of 185 °C for
20 minutes. The polymer sheet was used as the matrix
material, while aluminum sheets (Al) and three-
dimensional (3D) glass fibers filled with PVC
powder were employed as the reinforcing layers. The
stacking sequence and fiber orientation angles of the
reinforcing layers were considered as variable
parameters in the fabrication process. Ballistic
impact tests were performed on the fabricated
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laminates, and the results were compared and
analyzed to evaluate the ballistic limit and failure
behavior of the hybrid composites. The novelty of
this study lies in the use of PVC-filled 3D glass fibers
combined with an aluminum core to enhance ballistic
resistance, which has not been previously reported.
2. Experimental Procedure

To fabricate the composite laminates, a commercial
thermoplastic polymer (PVC) in the form of 0.2 mm-

(a)
Fig. 1. (a) PVC powder
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thick amorphous films was used as the matrix. In
addition, the voids between the yarns of the 3D glass
fabric were filled with dry white P\VC powder (grade
S6558) to improve interfacial bonding and
uniformity. Figure 1 shows the PVC powder and the
PVC film used in this study. The chemical
composition of the raw materials used in this study is
summarized in Table 1[33], based on standard
material datasheets and supplier specifications.

(b)

(b) PVC film used in the fabrication process

Table 1. Results of ballistic impact tests

Material Composition (wt.%)
PVC C.HsCl (typical commercial PVC grade)
Al 3003 Al (98.6), Mn (1.0-1.5), Cu (<0.05), Fe (<0.7), Si
(<0.6)
E-glass fiber SiO; (52-56), AlLOs (12-16), CaO (16-25), MgO
(0-5)

The three-dimensional glass fibers used for the
reinforcement were of the woven type, consisting of
two fabric layers interconnected by vertical yarns.
The glass fabric had a thickness of 3 mm, a density
of 720 g/m3, and a tensile strength of 6.8 MPa. The
aluminum sheet (Al 3003) used as the metallic layer
had a thickness of 0.5 mm and a tensile strength of
195 MPa. Since one of the most critical factors for

achieving strong interfacial bonding between the
metallic and composite layers is surface preparation
of the aluminum sheet [32], the aluminum surfaces
were ground and roughened using a wire brush to
enhance adhesion. The 3D glass fabric and the
surface-treated aluminum sheet are shown in
Figure2.

JMATPRO (2024), 12 (45): 49-58



Farzad Rahmani et al

52

(b)

Fig. 2. (a) 3D glass fabric  (b) Brushed aluminum sheet used in the study

After surface treatment and drying of the raw
materials, the following steps were performed to
fabricate the laminates:

1. Filling the internal space of the 3D glass
fabric with PVC powder.

2. Stacking the layers according to the desired
configuration.

3. Placing the stacked layers in a hot-press
machine under a pressure of 2.5 MPa and a
temperature of 180 °C for 20 minutes.

2.5 MPa
l 180 °C

PVC Film

The laminate configuration consisted of one
central aluminum layer and two outer composite
layers made of 3D glass fibers filled with PVC
powder. The stacking sequence and fabrication
layout of the FML sheet are illustrated in Figure
3. The hot-press machine used for fabrication is
shown in Figure 4.

FML
20 min Composite 1 mm
> AL 0.5 mm
Composite 1 mm

Fig. 4. Hot-press machine used for composite fabrication
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During fabrication, heating and cooling were
controlled at a rate of 8 °C/min to ensure uniform
temperature distribution. The gradual temperature
rise led to melting of the PVC matrix, thereby
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improving interlayer bonding. As a result, composite
laminates with a total thickness of 3 mm were
produced. Figure 5 shows a sample of the laminate
before and after the hot-pressing process.

Fig. 5. Composite laminate before and after the hot-pressing process

To determine the ballistic limit (V_b) of the
fabricated laminates, gas-gun impact tests were
carried out at the Impact Laboratory of Tarbiat
Modares University. The ballistic limit velocity was
calculated using Equation (1), based on the initial
velocity (V_i) and residual velocity (V_r) of the
projectile. The gas gun setup used in the experiments
is shown in Figure 6. Two types of projectiles—flat-
nose and spherical-nose—were employed to evaluate
the impact response of the composite laminates. The
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absorbed energy was calculated using the Kinetic
energy difference before and after impact, as
expressed in Equation (2) [34]. The absorbed energy
values reported in Table 1 were calculated using
Equation (2), based on the difference between the
initial and residual Kinetic energies of the projectile.
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Fig. 6. Gas gun setup

3. Results and Discussion
The fabricated samples, including both aluminum
sheets and FML (Fiber Metal Laminate) specimens,

were subjected to ballistic impact tests using flat-
nose and spherical-nose projectiles. The post-impact
damage patterns of the tested samples are shown in
Figure 7.
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Fig. 7. Post-impact samples: (a) FML impacted by flat-nose projectile, (b) FML impacted by spherical-nose projectile,
(c) aluminum sheet after impact.

The ballistic limit velocity (V_b) is considered the
most significant outcome of ballistic impact testing.
It represents the velocity at which the projectile
completely penetrates the target without passing
through it. By using different combinations of initial
(V_i) and residual velocities (V_r) for both projectile
types, the ballistic limit and penetration energy were
determined. In the fiber—-metal laminates, the
presence of the aluminum layer, together with the

high tensile strength and strain-to-failure of the 3D
glass fibers, contributed to the laminate’s ability to
effectively absorb impact energy. Moreover, the PVC
powder within the glass fiber layers enhanced the
interfacial bonding and overall structural strength,
improving the resistance of the laminate against high-
velocity impacts. The results for impact velocity and
absorbed energy are summarized in Table 2.

Table 2. Results of ballistic impact tests

Test Type and Sample Input Speed Output Speed Elastic Limit | Absorbed Energy
(m/s) (m/s) (m/s) )
composite with flat-nose bullet 116 116 (with 116 62.5
deviation)

composite with flat-nose bullet 155 102 116.7 63.3

composite with spherical-nose 116 — (Not exited) 116 62.5
projectile

composite with spherical-nose 155 109 110.1 56.3
projectile

aluminum with flat-nose bullet 116 111 223.6 5.2

aluminum with spherical-nose 116 103 53.3 13.2
projectile

Due to minor deviations and projectile misalignments
during testing, the dataset was reduced to four FML
samples and two aluminum samples, each tested with
both projectile types. At an impact velocity of 116
m/s, neither flat-nose nor spherical-nose projectiles
completely perforated the FML specimens; however,
they fully penetrated the aluminum sheets, with
residual velocities of 103 m/s and 111 mis,
respectively. The calculated absorbed energy
indicated that the impact strength of FML specimens
was significantly higher than that of pure aluminum
sheets. As shown in Figure 8, the ballistic limit
velocity for flat-nose projectiles was lower than that

of spherical-nose ones in the aluminum sheets, while
the opposite trend was observed for the FML
samples, where flat-nose projectiles exhibited higher
ballistic limits. Overall, the ballistic limit of the FML
was approximately 70% higher than that of the
aluminum sheet, and the energy absorption was about
52% greater. The ballistic limit of the composite
sheets was up to twice that of the aluminum
sheet.Compared with conventional aluminum sheets,
the enhanced ballistic performance of the FMLs can
be attributed to synergistic energy absorption
mechanisms including fiber fracture, matrix
cracking, and metal plastic deformation.
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composite with
spherical-nose
projectile

composite with flat-
nose bullet

Fig. 8. Ballistic limit velocity of FML and aluminum samples (error bars indicate standard deviation)

The penetration and deformation mechanisms for
both projectile types were further analyzed through
observation of the impact craters and deformation
patterns. Based on the experiments, the failure
mechanism of FMLs under ballistic impact can be
divided into three distinct stages:

1. Projectile penetration into the front composite
layer: This stage begins when the projectile first
contacts the front composite layer. Part of the impact
energy is dissipated through fiber fracture and matrix
cracking in the PVC layer.

2. Penetration through the aluminum layer: The
aluminum sheet initially undergoes buckling and
localized plastic deformation. With further stress
increase, deformation progresses rapidly until tensile
rupture occurs.

3. Penetration into the rear composite layer: After
passing through the aluminum layer, the projectile
strikes the back composite layer. The primary energy
absorption mechanisms at this stage include
delamination, fiber breakage, and matrix cracking.
The velocity—time histories for flat-nose and
spherical-nose projectiles with an initial velocity of
155 m/s are shown in Figure 9. For the flat-nose
projectile, the velocity sharply decreased after
impact, and a crack initiated at the contact edge after
approximately 0.1 ms. As the crack propagated, the
slope of velocity reduction decreased, and by 0.27
ms, the laminate was completely perforated. For the
spherical projectile, the velocity decreased more
gradually, with total perforation occurring at about
0.36 ms, indicating a more uniform deformation
process.

1501 e Hemnispherical projectile
140 - = = = Blunt projectile
1304
)
e I120-
S 110+ -
——
100+ T
m L ¥ Ll L
0 0.1 0.2 03 04
t(ms)

Fig. 9. Projectile velocity—time curves during impact with FML samples

The deformation patterns of the samples after impact are shown in Figure 10. It can be seen that the rear surface
experienced greater damage than the front surface, including fiber stretching, matrix cracking, and interlayer

delamination.
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4. Conclusions

In this research, fiber metal laminate (FML) sheets
consisting of aluminum and 3D glass fiber fabric
filled with PVC powder were successfully fabricated
using the hot-press method. Ballistic impact tests
were conducted to evaluate their energy absorption
and penetration resistance. The main findings are
summarized as follows:

1. At an impact velocity of 116 m/s, the projectiles
fully penetrated the aluminum sheet but failed to exit
the FML specimens. At higher velocities of 155 m/s,
both flat-nose and spherical-nose projectiles
perforated the FML, with exit velocities of 116 m/s
and 110 m/s, respectively.

2. For aluminum sheets, the ballistic limit of flat-nose
projectiles was lower than that of spherical-nose
ones, whereas for the FML samples, the trend was
reversed. The ballistic limit and absorbed energy of
FMLs were approximately 70% and 52% higher,
respectively, than those of aluminum sheets.

3. FML specimens exhibited higher resistance to flat-
nose projectiles compared with spherical ones,
indicating better performance under high strain-rate
loading with sharp-edged projectiles. Overall, the
results demonstrate that PVC-filled 3D glass fiber—
reinforced aluminum FMLs possess superior energy

......

.........

........

......

FML - Flat-Head Bullet eed 155 m/s

FML — Spherical Bullet — Speed 155 m/s
Fig. 10. Front and rear views of FML samples after ballistic limit testing

absorption and impact resistance, making them
promising candidates for lightweight protective
structures in aerospace and defense applications.
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