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structural applications. Due to its low density, Aluminum is
extensively used for the development of fibre metal laminates.
Glass, aramid, carbon, basalt and kevlar fabrics are the highly
recommended reinforcement materials in the FMLs. From the
literature survey, it was indicated that the aluminum based
FMLs have exhibited better mechanical properties than the
monolithic aluminum sheet of the same thickness.

Abstract
Weight reduction in automotive, aerospace and structural fields
is the major motivation for the development of Fibre metal
laminates (FML). The main objective of this work is to develop
a novel lightweight thermosetting-based FML sheet which
comprised of Aluminum (Al) sheet, Kevlar fabric and Epoxy
resin. This paper investigates the tensile, flexural and low
velocity impact behavior of Al based Kevlar fabric reinforced
epoxy laminate. Tensile test and flexural test were conducted
as per ASTM standard. Low velocity impact test was carried
out with a constant mass of 3.9 kg at 5 m/s, 6 m/s and 7 m/s
impact velocities, by adjusting the height of the Impact. From
the test results, it was identified that the developed novel FML
sheet exhibited an excellent tensile strength of 136 MPa and
flexural strength of 174 MPa. From the low velocity impact
test, it was identified that the novel FML sheet can withstand
the maximum impact energy of 70J. The fractured surfaces of
the test samples were analyzed using Scanning electron
microscopy (SEM).

Ferrante et al. (2016) evaluated the low velocity impact
characteristics of basalt-aluminium FMLs by changing the size
of impactor. They compared their results with the results of
previously published work and found the higher performance
of their FML. Santhosh et al. (2019) analysed the
characterization of Epoxy based Basalt/ Kevlar/ Aluminum
FMLs. Their results confirmed that the FML possesses
excellent flexural and impact properties than the other types of
polymer composite laminates due to the presence of hybrid
fibres. Giridharan (2018) compared the impact performance of
Al-glass/epoxy FMLs with GFRP laminates under different
lay-up configuration of FMLs. They found that the FMLs
possess higher strength than the GFRP laminates. Bandaru et
al. (2016) investigated the low velocity impact performance of
2D and 3D Kevlar reinforced polypropylene composites and
their results revealed that the in-plane stiffness of the
polypropylene laminate has mostly affected the impact
resistance. Pekbey et al. (2017) examined the ballistic impact
behavior of Kevlar reinforced epoxy polymer composites. Anil
Kumar et al. (2020) have studied the effect of Nano-alumina
particles on the mechanical properties of Glass-fibre reinforced
Epoxy Hybrid Composites and their results revealed the
significant improvement of flexural strength and hardness.

Keywords: Fibre metal laminate, Low velocity impact, SEM,
Kevlar fibre, Epoxy

1. INTRODUCTION
Over the past few years, the increasing demand for lightweight
and high-performance materials in automotive, aerospace,
defense and structural industries, has strongly motivated the
development of novel composite materials. Now-a-days,
composite materials have become more common and widely
used materials in various industrial and structural applications.
Fibre reinforced composites, having thermosetting or
thermoplastic matrix, are mixed with synthetic fibres for high
temperature and high strength applications. Fibre metal
laminates (FML) known as lightweight hybrid structural
materials, are obtained by stacking the fibre reinforced polymer
layers in between the thin metal sheet layers to the required
thickness to achieve the expected properties. The properties of
FML sheets are far better than their constituent materials in
terms of impact damage resistance, fatigue crack growth
tolerance, corrosion and fire resistance, etc. The CARALL,
GLARE and ARALL are the most commonly used FMLs for

Hariharan (2016) evaluated two types of FMLs which consist
of Al-alloy, epoxy resin, carbon and glass fibres. First type of
FML is reinforced with carbon fibre and the second one is with
both carbon and glass fibres. Their results revealed that the
laminate made of both carbon and Glass fibres shown better
tensile properties. Joselin (2014) investigated the impact
strength performance of Kevlar fabric using different shear
thickening fluid composition. Taheri-Behrooz et al. (2014)
analysed the influence of stacking sequence on the impact
response of Al-glass with epoxy FMLs and their results
indicated that [Al/(±45)8/Al] lay-up sequence had a better loadcarrying capacity than the other lay-ups. Liu (2010) studied the
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low velocity impact behaviors of aramid-fibre and glass-fibre
reinforced FMLs at different lay-up configurations under
varying constituents. Their results showed that the performance
of glass-fibre FMLs is better than the aramid-fibre FMLs.
Reghunath et al. (2015) analysed the low velocity impact
responses of glass fibre composites at different impact
velocities by varying the volume fraction of reinforcement.
From their study, they found that the developed composite can
withstand the maximum load at 43% of fibre volume fraction.

raw materials are presented in Table 1.
Table 1. Properties of Raw materials
Properties
Density (g/cm³)
Tensile strength
(MPa)
Tensile modulus
(GPa)
Elongation (%)
Flexural strength
(MPa)

Kumar (2014) evaluated the mechanical properties of three
types of FMLs, made up of aluminum wire mesh with glass
fibre by varying their stacking sequence. Their results showed
that the Type I and Type III laminates are having higher tensile
strength and flexural strength while compared to Type II
laminate. Vasumathi (2013) studied the effect of alternate
metals for use in natural fibre reinforced FMLs under bending,
impact and axial loading's. Many researchers have published
review articles in the area of low velocity impact performance
of FMLs. Study of tensile, flexural and other mechanical
properties of fibre metal laminates, has attracted the attention
of most of the researchers.
Previous research works in this field are mostly based on the
glass fibre, carbon fibre and aramid fibre reinforced FMLs. A
key limitation in the previous studies is that they have not
properly addressed the merits of basalt fibre and Kevlar fibre
reinforced FMLs at a large. Moreover, in depth studies on
Kevlar fabric reinforced FMLs are still lacking and hence,
further research has to be carried out in order to understand its
mechanical behaviors in a better manner. In this paper, the
tensile, flexural and low velocity impact behavior of Kevlar
Epoxy Reinforced Aluminum Laminate (KERAL) is
investigated. Tensile and flexural tests are performed as per
ASTM standard using Universal Testing Machine. Low
velocity impact test is performed with a constant mass of 3.9
kg, using drop weight impact tester machine, at 5 m/s, 6 m/s
and 7 m/s impact velocities, by adjusting the height of the
impactor. SEM study has been carried out to investigate the
bonding between the constituent materials.

Aluminium Kevlar fibre Epoxy resin
2.71
1.45
1.2 – 1.25
(at 25ºC)
125 – 165 2900 - 3500
83 - 93
--

125

3.1 – 3.3

2–5
--

0.5 – 1.5
350 - 450

-125 - 135

(a)Ridged Aluminum Sheet

2. MATERIALS

Aluminum (Al) sheet of grade 8011 with 1mm thickness is used
as the face sheet material. Composition of Al-8011 sheet is Al98.7%, Fe-0.70%, Si-0.60%. Aluminum sheets were treated
with acetone solution at room temperature for fully degreasing
and then rinsed with distilled water, in order to develop an
effective bonding surface. Further, Al sheets were dried and
then ridged microscopically along 0°, followed by 90° and 45°
to increase the mechanical bonding.

(b) Kevlar Fabric

Materials which are sandwiched between the Al-metal sheets,
are called as core materials. Kevlar fabric and Epoxy Resin are
used as the core materials. Kevlar fabric of 210 gsm is used as
the reinforcement material. Kevlar fabrics of 300x300 mm
dimension were cut using ceramic scissors for better
dimensional accuracy. Epoxy LY556 along with Hardener
HY951, mixed in the ratio of 10:1, are used as the thermosetting
matrix material. Figure 1(a-c) shows the raw materials used in
the fabrication of KERAL fibre metal laminate. Properties of

(c)Epoxy Resin and Hardener
Fig. 1(a-c). Raw materials for KERAL sheet
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3. EXPERIMENTAL PROCEDURE

4. MECHANICAL CHARACTERIZATION

Hand lay-up technique which is the most frequently used
methods for the thermosetting polymer composites, is
considered in the manufacturing of Al based Kevlar fabric
reinforced epoxy laminates. KERAL sheet was fabricated using
two aluminum face sheets of 1 mm thickness and 3 layers of
Kevlar fabrics. Initially, the surface treated aluminum sheet
was placed in the latex mold and then coated with epoxy resin.
Single layer of Kevlar fabric (300x300mm) was placed over the
resin and compacted using a threaded hand roller. Similarly,
two more layers of Kevlar fabrics were stacked with epoxy
resin. Finally, second aluminum face sheet was placed over the
stacked layers. Both sides of the mold were covered with
acrylic glass sheets to prevent the sticking of metal laminate
with the base glass plates. The setup was allowed to dry for 24
hours and required loads were placed over it. After the required
time interval, the loads were removed from the laminate.

After the fabrication of FML sheet, the test specimens were cut
to the required size as per the ASTM standards as shown in
Figure 3(a-c), for tensile, flexural and low velocity impact tests
with a diamond cutter. The KERAL sheet, thus prepared was
subjected to mechanical testing, and each test was repeated
thrice to minimize the errors. The mechanical characterization
testing was carried out at M.I.T Campus, Chennai, Tamil Nadu.

The fabricated KERAL sheet is machined around its edges to
remove the excessive hardened resins. Finally, the KERAL
sheet is cleaned with fine grade emery paper and washed with
acetone solution. Figure 2 shows the fabricated KERAL sheet.
The test specimens were machined from 300x300 mm KERAL
sheet, as per the ASTM standards. The mass of fabricated
KERAL sheet is weighed as 908 g, and that of the Al-8011
sheet with same thickness is weighed as 1219.5 g. Hence, the
weight reduction of 25.56% can be achieved by the use of
newly developed novel KERAL sheet. The density of
fabricated novel sheet is calculated as 2.02 g/cm3. The KERAL
sheet has the composition of 53.7% Aluminium, 6.3% Kevlar
fabric and 40% epoxy resin.

(a) Tensile Specimen

(b) Flexural Specimen

(a) Cross Sectional View of FML

(c) Impact Specimen
Fig. 3(a-c). ASTM std. testing specimens

4.1. Tensile testing
In order to understand the uniaxial behavior of FML, the tensile
test was conducted as per ASTM D638 standard using 20 Ton
max. load capacity Universal Testing Machine with the strain
rate of 2 mm/min. The UTM machine is connected to the Data
Acquisition System (DAS) to record the values and the results
are plotted in the system.

(b) Fabricated KERAL sheet
Fig. 2(a-b). Aluminum based FML (KERAL Sheet)
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Fig. 4b. Specimen during Flexural Testing
Fig. 4a. Specimen during Tensile Testing

4.2. Flexural testing
Flexural testing is an important characterization technique
which is used to understand the bending behavior of materials.
The tests were conducted as per ASTM D790-03 standard using
“three-point” method and was carried out on 20 Ton max. load
capacity Universal Testing Machine with the strain rate of
2mm/min. Using Data Acquisition System (DAS), the values
are recorded and then the results are plotted in the system.
Flexural strength was calculated from the peak load of the
specimen. Equations (1) and (2) were used to calculate the
flexural strength and flexural modulus of the FML specimens.
Flexural strength = 3FL / 2bt²

(1)

Flexural modulus = L3m / 4bt3

(2)

Fig. 4c. Specimen during Impact Testing

The impact testing machine has a maximum drop velocity of
24 m/s. The specimen was clamped horizontally in the fixture
and was impacted by a hemispherical steel impactor weighs a
constant load of 3.9kg with 12.7mm diameter. The testing was
carried out with three different impact velocity conditions such
as 5 m/s, 6 m/s and 7 m/s by adjusting the height of the
impactor. The machine is connected to the Data Acquisition
System (DAS) and the test parameters are recorded and plotted.
Figure 4(a-c) shows the loading of specimens under tensile,
flexural and low velocity impact testing.

where,
F – Max. load; L – Span length;
b – Breadth; t – Thickness; m – Slope of the curve.

4.3. Low Velocity Impact Testing
In general, impact test is very important for the novel composite
materials in order to understand their impact-damage
resistance, so that they can be designed optimally for the better
impact resistant applications. Impact test was carried out to
determine the maximum energy absorbed by the specimen or
the amount of energy necessary to fracture the specimen. Low
velocity impact test was conducted as per ASTM 7136 standard
with the specimen size of 150mm x 100mm, on INSTRON
CEAST 9350 series drop weight impact tester machine using a
high-energy system available at M.I.T Campus, Chennai, Tamil
Nadu.

5. RESULTS AND DISCUSSION
5.1. Tensile Testing
For tensile testing, three specimens were tested and their tensile
values such as maximum load, ultimate tensile strength, tensile
modulus, tensile strain and specific strength, are presented in
Table 2. From the results, it was observed that the maximum
load carrying capacity of the KERAL specimen was reaching
up to 9.11 kN with the corresponding ultimate tensile strength
of 140 MPa. The average load carrying capacity and the tensile
strength of KERAL specimen was 8.88 kN and 136 MPa
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Table 2. Tensile properties of KERAL sheet
Sample Id

Maximum
load (kN)

Specimen1

9.11

Ultimate
tensile strength
(MPa)
140

Specimen2
Specimen3

8.67
8.85

133
136

Tensile properties
Max. tensile
Tensile modulus
strain
(GPa)
(%)
8.19
3.5
7.60
6.43

3.7
3.9

Specific
Strength
(kNm/kg)
69.31
65.84
67.33

Fractured specimens show brittle type of failure without
formation of necking. This is due to the presence of
thermosetting epoxy resin matrix.

respectively. From the tensile modulus and tensile strain (%)
values, it was revealed that the fabricated KERAL possess
better toughness value. In general, the specific strength of
monolithic aluminum (Al-8011) will be varied from 46.13 to
60.89 kNm/kg. Whereas, the specific strength of KERAL has
achieved remarkably higher value of 69.31 kNm/kg, while
compared to the monolithic aluminum.
Figure 5 illustrates the stress-strain curves of KERAL
specimens obtained from uni-axial tensile testing. From the
graph, it was perceived that all the specimens exhibited the
similar type of tensile behavior during testing. The KERAL
specimen has achieved the average stress of 136 MPa with
7.41% of strain.

Fig. 6. Fractured Tensile Specimens

5.2. Flexural Testing
For flexural testing, three specimens were tested and their
flexural values such as maximum load, displacement, flexural
strength and flexural modulus, are presented in Table 3. From
the test results, it was observed that the KERAL specimen has
achieved the maximum bending load of 770 N and the
corresponding flexural strength of 182 MPa. The average
bending load and flexural strength of KERAL specimen is 736
N and 174 MPa respectively.

Fig. 5. Stress strain curves of Tensile specimens

Figure 6 shows the fractured tensile specimens. All the
specimens have failed approximately at the same location.

Table 3. Flexural Properties of KERAL sheet
Flexural properties
Maximum load (N)

Maximum displacement
(mm)

Flexural strength
(MPa)

Flexural modulus
(GPa)

Specimen1

721

7.33

170

9.84

Specimen2

717

6.00

169

9.84

Specimen3

770

8.67

182

9.84

Sample Id
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5.3. Low Velocity Impact Testing
The parameters such as maximum deformation, maximum
impact force, maximum impact energy and absorbed energy
which are measured during the impact test, are summarized in
Table 4. In case of rebound, the maximum impact energy is the
sum of the absorbed energy and the rebound energy; whereas
in the case of perforation, the impact energy is the sum of the
absorbed energy and the residual energy. The actual impact
energy applied during 5 m/s, 6 m/s and 7 m/s impact velocities
are calculated based on the principle of kinetic energy (mv2/2)
and their values are 48.75J, 70.2J and 95.55J respectively.
Figure 9 illustrates the impact responses of KERAL specimens
under different impact velocities. Energy vs time plot, as shown
in Figure 9a, indicates the amount of the energy absorbed by
the specimen during impact. It was observed that the energy
absorbed increases as the velocity of impact increases. The
horizontal line indicates that the KERAL specimen has reached
its saturated absorbing energy level.

Fig. 7. Load Displacement curves of Flexural specimens

Figure 7 illustrates the load displacement curves of KERAL
specimens obtained from 3-point bending flexural test. Like
tensile test, the KERAL specimens also exhibited the similar
type of bending behavior during testing. KERAL specimen has
achieved the average bending stress of 174 MPa with 7.33
maximum displacement. The slope of load-displacement
curves of all the specimens is almost same, hence the flexural
modulus is obtained as 9.84 GPa.

At 5 m/s impact velocity, the steel impactor rebounded after
hitting the KERAL specimen. During this impact, 45.57J
energy was absorbed out of 48.91J maximum impact energy.
The remaining energy 3.34J was used to rebound the impactor.
During 6 m/s and 7 m/s impact velocities (i.e. 70.2J and 95.55J
applied impact energy cases), the maximum impact energy was
67.69J and 90.44J respectively. The rebound energy (3.32J) at
6 m/s impact case, is used to avoid the penetration of impactor
through the KERAL specimen. Whereas, 5.11J residual energy,
at 7 m/s impact case, will be carried by the impactor in the form
of kinetic energy when it penetrated through the KERAL
specimen. There was no rebounding energy in this case.

Figure 8 shows the fractured flexural specimens. All the
specimens have approximately exhibited the same type of
failure behavior. The fractured specimens show the debonding
of Al sheet from the core fibre reinforced polymer composite
material.

Hierarchies of energy absorbed by the KERAL specimen at 5
m/s and 6 m/s are consistent, suggesting that the initial in-plane
stiffness determines the energy absorbing capability of the
composite. Force vs time plot, as shown in Figure 9b, indicates
the impact resistance offered by the KERAL specimen under
different impact velocities (5 m/s, 6 m/s and 7 m/s). It was
noticed that the increase in impact velocity increases the
maximum impact force. The loading and unloading curves, at
5 m/s and 6 m/s impact velocities, exhibited an almost similar
pattern, indicating that the impactor rebounds after the impact.
It was observed from the test values that there will be a sudden
drop of impact force at early stages of impact tests due to the
occurrence of initial fibre cracking or failure of aluminum sheet
in the lower layer of KERAL specimen. This is because of the
concentrated bending load under the impact area. This
reduction in impact force was stopped after the initial crack
reached the boundary and then an increase in impact force by
the specimen was noticed as the impactor penetrates further
into it.

Fig. 8. Flexural Specimens after Testing

Table 4. Low velocity impact properties of KERAL sheet
Mass (kg)

Impact Velocity
(m/s)

Max. Deformation
(mm)

Max. Impact Force
(kN)

Max. Impact
(Applied) Energy (J)

Absorbed Energy
(J)

3.9
3.9
3.9

5
6
7

10.81
13.27
--

6.955
7.427
7.086

48.91 (48.75)
67.69 (70.2)
90.44 (95.55)

45.57
64.37
90.27
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(a) Impact Energy Vs Time

(d) Impact Force Vs Deformation
Fig. 9(a-d). Impact responses of KERAL specimens under
different impact velocities

The maximum force under the impactor is an indication of the
load buffering capacity of KERAL sheet, directly related to the
stiffness of specimens.
At 5 m/s and 6 m/s impact velocities, although the KERAL
specimen subjected to notable damage at its lower part, the
specimen retained some amount of impact force which was
used to hold the impactor without penetration. On the other
hand, at a higher impact velocity (7 m/s), larger deformations
were induced in the KERAL specimen which led to the sudden
drop in impact force at around 2.2ms time period after reaching
the maximum value. This sudden drop in the plot corresponds
to a complete failure of Kevlar fibres and severe delamination
of the surrounding aluminium sheet, causing a reduction of
bending stiffness. The associated energy-time plot shows the
complete absorption of maximum impact energy by the
specimen which led to severe damage and perforation through
the specimen.

(b) Impact Force Vs Time

The deformation vs time plot, as shown in Figure 9(c), indicates
the stiffness of the laminate. The plots in Figure 9(c) indicate
the maximum deformation occurred in the KERAL specimen
under different impact velocities. It was observed that the
increase in impact velocity increases the maximum impact
energy, which in turn increases the depth of penetration and
decreases the stiffness of the laminate. In case of 5 m/s and 6
m/s impact velocities, the reduction in deformation after
reaching the maximum value of 10.81mm and 13.27 mm
respectively, indicates the rebound of impactor after the impact.
Whereas at 7 m/s impact velocity, the continuous increase in
deformation indicates the severe damage and perforation of
impactor through the KERAL specimen.
Figure 9d shows the force-displacement curves of KERAL
specimen corresponding to different velocities of 5 m/s, 6 m/s
and 7 m/s. These responses characterize the impact behavior of
composites in terms of absorbed energy. The closed loop area
refers to the energy absorbed during the impact. The energy
absorbed by the KERAL specimen, at 5 m/s, 6 m/s and 7 m/s

(b) Impact Displacement Vs Time
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impact velocities, were 45.57J, 64.37J and 90.27J respectively.

of more amount of epoxy matrix material in the KERAL
sample was observed in Figure 11a. Figure 11b confirms the
presence of epoxy matrix material over the fractured surfaces
of Kevlar fibres even after the failure. This revealed the
existence of improved bonding between matrix and
reinforcement which led to enhanced mechanical property in
the KERAL sheet.
Micro structural analysis also revealed that the delamination
and fibre pull-out present in the fractured samples after the
tensile testing. The ruptured Kevlar fibre surfaces and the
presence of aluminum face sheet were observed in figure 11c.

(a) v = 5 m/s

(b) v = 6 m/s
(a) Kevlar Bonding with Epoxy

(c) v = 7 m/s
Fig. 10(a-c). Specimens after Impact testing at different
velocities
(b) Ruptured Kevlar Fibre Strands at 50 µm
It was noticed that the increase in impact energy increases the
amount of deformation in the specimen.
From the impact tests, it was noticed that the ratio of absorbed
energy and impact energy should be always less than one, up to
penetration and should be equal to one when complete
perforation occurs. The failure zone at the back side of
specimen was due to the damage propagation in the specimen
by absorbing the maximum impact energy transferred to it.
Figure 10a shows the occurrence of small bulge at the lower
part of KERAL specimen, while Figure 10b shows the
occurrence of larger bulge with a central crack. The aluminium
delamination, matrix cracking, severe fabric breakage and
complete perforation were noticed in Figure 10c.
(c) Ruptured Kevlar Fibre Strands at 100µm
6. SCANNING ELECTRON MICROSCOPIC ANALYSIS
Fig. 11(a-c). SEM images of Kevlar FML sample after
fracture

The scanning electron microscopic images of KERAL sample
fractured surfaces were shown in Figure 11(a-c). The presence
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2019.
Fabrication
and
Characterization
of
Basalt/Kevlar/Aluminium Fiber Metal Laminates for
Automobile Applications. International Journal of
Materials Science, 14(1), pp.1-9.

7. CONCLUSION
The light-weight Aluminum based Kevlar fabric reinforced
epoxy laminate has been fabricated using hand lay-up
technique. The KERAL sheet has been subjected to tensile,
flexural and low velocity impact tests as per ASTM standard.
From the test results, the following conclusions have been
made:






It was identified that the developed novel KERAL has
exhibited an excellent tensile strength of 136 MPa,
tensile modulus of 3.7 GPa and specific strength of 67.5
KNm/kg. The laminate possesses good load carrying
capacity in the order of 8.88 kN.
The flexural test results revealed that the novel KERAL
has a flexural strength of 174 MPa and flexural modulus
of 9.84 GPa and the peak load carried by the FML is 736
N.

Fractured surfaces of the tensile test samples were
investigated using SEM. The microscopic images show
the binding of epoxy matrix over the Kevlar fabric and
also the aluminum sheet.



A reduction of 25% in weight was achieved in the novel
KERAL sheet while compared to monolithic aluminum
sheet. Hence, the developed novel KERAL sheet can be
a better alternative in replacing the conventional
aluminum sheet for the structural applications.
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