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Abstract

Composite materials are advanced engineering materials with superior properties to
traditional materials. One of the most important disadvantages is the high cost of composite
materials. Therefore, producing composite materials from the first to the last stage is a very
important process. Homogenization is the most important parameter in production since
composites contain more than one material type in their structure. In addition, composite
structures are sensitive materials against low-velocity impacts. In this study, the effect of
reinforcement material combination and stacking sequence on mechanical properties used in
the production of composite materials was investigated by low-velocity impact simulations
using LS-DYNA software. The mass of the 12 mm diameter spherical impactor used in the
analyzes was determined as 10 kg and low-velocity impact tests were applied at 20 ], 30 ] and
40 ] energy levels. The composite samples were modeled with 180x100mm dimensions and
the contact between the impactor and the sample was made from the center of the composite
structure. Numerical analyzes were performed using the Tsai-Wu damage criterion in the LS-
DYNA software, and material properties were defined using the
"Mat_Enhanced_Composite_Damage (MAT 055)" material card.

@ updates

1. Introduction

Nowadays, instead of traditional materials such as
metal, wood, polymer, composite materials that combine
the excellent properties of their constituent components
are used in many industries. Since the materials used in
industrial production are desired to have superior
properties, the need for new material types is increasing
daily [1]. In line with this need, research and
development studies have focused on the production of
new composite materials with superior properties by
changing material combinations.

While epoxy resin is generally used as matrix
material in the production of fiber reinforced composite
materials, glass fiber, carbon fiber, basalt fiber and
aramid fiber are used extensively as reinforcement
materials. In addition, hybrid composites that these
fibers are used together has been increasing rapidly in
recent years. The most important reasons for the
widespread use of fiber-reinforced polymer composites
are their high strength and modulus of elasticity.

Fiber reinforced composites can also be produced as
hybrids using more than one fiber type. Hybrid
composites can have better mechanical properties when
comparing pure fiber composites. In hybrid composite
materials, the stacking sequence can positively or
negatively affect the mechanical behavior of the
composite structures. For this reason, it is crucial to
subject different stacking sequences hybrid composite
samples to mechanical tests. In some scientific research
that includes composite materials, the stacking
sequence's effect on mechanical strength has been
investigated [2-5].

Reinforcement materials such as glass, carbon and
aramid fiber are widely used as reinforcement
components in composite materials. The tensile strength
of glass fibers is considerably higher than polymers. They
also have a high strength-to-weight ratio [6,7]. Aramid
fibers have superior characteristics such as high
strength, high modulus of elasticity, high temperature
resistance, high chemical corrosion resistance and high
shear strength [8-11].
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In engineering applications, besides experimental
studies, there are many studies in which results are
obtained with numerical analysis without the need for
experimentation [12-16]. Tests are carried out to
determine the mechanical strength of composite
materials that cause costs in terms of both material and
labor. Today, these tests can be done by physically, also
can be done by numerical analysis in computers. ANSYS
and LS-DYNA software are widely used in the numerical
analysis of composite materials. According to the tests to
be applied, the properties of the samples, which are
modeled in three dimensions in the computer
environment, can be defined on the material cards which
in the software interface and numerical analyzes can be
made. Thus these numerical analyzes, the mechanical
behavior of the material planned to be produced can be
tested virtually. Eventually, the numerical analysis can
save labor and material costs.

Song [17] examined the tensile and bending
strengths of layered composites prepared by
carbon/glass and carbon/aramid fiber hybridization.
Composite samples, which were formed by using six
different layer numbers and stacking sequences, were
produced by vacuum assisted resin transfer method. As a
result of the study, it was concluded that both
carbon/glass and carbon/aramid hybrid composites
have much better tensile and flexural strengths of
samples with carbon in the interior compared to samples
with other stacking sequences.

Jaroslaw et al. [18] produced composite samples
based on aluminum alloy and glass or carbon fiber
reinforced laminated polymer composites and
investigated their low-velocity impact behavior. They
analyzed the effect of fiber stacking sequence angles by
interpreting the damage and impact responses. As a
result of the study, they observed that while plastic
deformation creation, delamination initiation and
progression were seen in samples containing glass fiber,
collapse (penetration) and puncture (perforation)
occurred in samples that containing carbon fiber.

Wagih et al. [19], investigated the low-velocity
impact responses of carbon fiber and aramid fiber
reinforced hybrid composites at different energy levels.
Three-point bending tests were applied to the impact
damaged samples and compared with the flexural
strength of the undamaged samples. They observed that
in the samples placed aramid fiber between the carbon
fiber layers, no damage occurred in the lowest carbon
layer as a result of low-velocity impact. They concluded
that aramid reinforcement significantly increased the
strength of the samples compared to pure carbon fiber
reinforced and pure glass fiber reinforced composites.

Gemi et al. [20] applied low-velocity impact tests at
4 different velocities to 6 layers of glass fiber reinforced
ring composites produced in 3 different diameters. It was
observed that the energy absorption ability decreased
with the increase of the impact velocity. As a result of the
study, it was concluded that as the diameter of the
samples increased, the maximum contact force and the
amount of absorbed energy decreased [20].

Rezasefat et al. [21], produced 8 layers of aramid
fiber and glass fiber hybrid composites and applied a
low-velocity impact test. They investigated the effect of

hybridization and stacking sequence on impact
resistance in samples exposed to impact at 19 ], 37 ] and
72 ] energy levels. As a result, it was seen that the
resistance to impact increased up to the energy level of
49.5 J with hybridization, and at higher energy levels, the
pure glass fiber reinforced composite performed better.

Uyaner et al. [22] investigated the impact response
of 18-layer E-glass fiber reinforced composites with
different sized experimentally and numerically.
Numerical analyzes were performed with the MAT 055
material model using the LS-DYNA software. According
to the results of the numerical and experimental, it was
determined that the size of the composite materials
remarkably affects the impact behavior of the materials.

Mesh density is a significant parameter in studies
that includes finite element analysis. According to the
mesh number determined in the analysis, the results may
vary up to the optimum mesh number value, but there is
no visible change in the results obtained after the
optimum mesh number is reached [22]. In this work, the
contact force values were determined at an element size
of 2 mm, corresponding to the number of elements in one
plate being 4500. Also, the impactor was created with
12096 elements.

Composite materials can be exposed to low-velocity
impacts at different energy levels during their lifetime.
These impacts result in different types of damages in
composite structures. The researchers applied impact
simulations at different energy levels to the materials
which is modeled three-dimensionally in the computer
environment and aimed to create predictions against
impacts that could be encountered in real life with the
data they obtained. In these studies, in the literature,
generally 20 ] and 30 ] energy levels were used [23,24].

In this study, 12-layer glass fiber/epoxy, aramid
fiber/epoxy composites and glass fiber/aramid
fiber/epoxy hybrid composites were modeled with LS-
DYNA software and the low-velocity impact test was
simulated in a virtual environment. Impact energies were
determined as 20 ], 30 ] and 40 ] in analyzes which
performed on 6 different composite models. The stacking
sequences of the layers forming the composites are
common to all samples and the form of stacking
sequences angles [0,90]¢. This study aims to predict the
impact response of composite materials, which are very
difficult and costly to manufacture, with a preliminary
evaluation made in the computer environment.

2. Method

In this study, six different composite material
designs were first carried out. Glass fiber and aramid
fiber were chosen as reinforcement material and epoxy
resin as matrix material. Composite structures modeled
in Figure 1 are given schematically. The designed
composite structures are pure aramid epoxy [A]1z, pure
glass epoxy [C]iz, hybridl [ACle, hybrid2 [CA]s,
functionall =~ [AAAAAACCCCCC] and functional2
[CCCCCCAAAAAA]. All samples are designed to be 180 x
100mm in size with 12 layers. Low-velocity impact tests
were applied to the designed samples at 20 ], 30 ] and 40
] energy levels. During the impact tests, the samples were
modeled as free (180 mm) on both sides and embedded
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(100 mm) on both sides. LS-DYNA software, which is

Table 1. Material properties of aramid/epoxy ply [25]

widely used in the literature, was preferred for LS-DYNA Flag Value Unit
performing low-velocity impact tests. En 40300 MPa
E22 10300 MPa
G12 2500 MPa
Viz 0.23 -
Xr 743 MPa
Xc 249.6 MPa
Yr 59.4 MPa
(a) (b) (©) Ye 87.6 MPa
Sc 34.5 MPa
DFAILT 0.0184 -
DFAILC 0.0062
DFAILM 0.0058
DFAILS 0.0138
(d) (e) 0

Figure 1. Designed 12-layer composite samples
(a)pure glass fiber, (b)pure aramid fiber, (c)hybrid1,
(d)hybrid2, (e)functionall and (f)functional2

In order to define the layer properties of composite
samples;

MATO055 (MAT_ENHANCED_COMPOSITE_DAMAGE)

material card is used. The MAT 055 material card uses
the Tsai-Wu damage criterion in numerical analysis, and
the formula technique is given in Equation 1-3.

Tensile damage in fiber direction;

(0'11>2 iy (@)2 1 {z 0 failed D

X_T Sc < 0 elastic

Compression damage in the fiber direction;

(g)z 1 {z 0 failed @

Xc < 0 elastic

Tensile and compression damages in the transverse
fiber direction;

(azz )2 . (2)2 N (O‘zz(Yc - YT)) _1 {2 0 failed 3)

YcYr Sc YcYr < 0 elastic

calculated using the formulas. The subscript “1”
denotes the fiber array direction, and the “2” denotes the
transverse fiber direction (the normal of the fiber). o11 is
the normal stress in the fiber direction, 012 is the in-plane
shear stress, o22 is the transverse normal stress in the
fiber direction, and {3 is the weight factor in the shear
stress. Sc corresponds to interlayer shear strength, Xc
longitudinal compression strength, Xr longitudinal
tensile strength, Yt cross-sectional tensile strength and
Yc cross-sectional compression strength values.

Composite samples were modeled as 12 different
layers, and aramid/epoxy and glass/epoxy layer
properties were defined for each layer using the Part
Composite material card. The layers are connected to
each other using with the
Contact_Automatic_One_Way_Surface_To_Surface_Tiebr
eak material card. In accordance with the literature, the
glass/epoxy layer thickness is 0.2125 mm and the
aramid/epoxy layer thickness is 0.3875 mm [22]. The
material properties of aramid/epoxy layers are given in
Table 1, and the material properties of glass/epoxy
layers are given in Table 2.

Table 2. Material properties of glass fiber/epoxy ply [22]

LS-DYNA Flag Value Unit
E11 42000 MPa
E22 9500 MPa
G12 3500 MPa
Vi2 0.34 -

Xr 690 MPa
Xc 300 MPa
Yt 66 MPa
Yc 147 MPa
Sc 56 MPa
DFAILT 0.0164 -
DFAILC 0.0071

DFAILM 0.0069

DFAILS 0.0160

The impactor properties used in the numerical
analysis are given in Table 3. Impact material properties,
modeled as solid spherical and 12 mm in diameter, were
defined using the MAT_020 Rigid material card. The
MAT_020 material card has been used in many low-
velocity impact studies in the scientific studies [26]. The
impactor was defined as having a mass of 10 kg and its
density was determined as 1.112885 kg/m3. The
connection between the impactor and the composite
sample was established with the
CONTACT_AUTOMATIC_NODES_TO_SURFACE material
card and numerical analysis was performed [27].

Table 3. Material properties of impactor [23]
Modulus of Poisson’s
elasticity, E ratio
207000 MPa 0.3

Material Density, p
Steel 1.112885 kg/m3

3. Results

In low-velocity impact tests using LS-DYNA
software, 20 ], 30 ] and 40 ] impact energy levels were
preferred. Low-velocity impact tests with the specified
properties were applied to the modeled samples by
making 6 different combinations, force-time and force-
displacement graphs were created.

In Figure 2a force-time and Figure 2b force-
displacement graphs of 12-layer glass fiber composite
samples at different energy levels are given.

Figure 3 shows (a) force-time and (b) force-
displacement histories of 12-layer aramid fiber
composite sample at different energy levels.
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Figure 2. The graphs of (a) force-time and (b) force- Figure 3. The graphs of (a) force-time and (b) force-

displacement for 12-layer glass fiber composite sample
at different energy levels

When the force-time histories given in Figure 2a are
examined, it is seen that the contact force increases
rapidly as the impactor contacts the sample and starts to
decrease after reaching a certain value. Since the
impactor rebound from the sample surface, the contact
force value decreased to 0 at all energy levels. It is seen
that the force-time changes are in the form of a bell-
shaped curve for all energy levels. Vibrations occurring
especially in the part where the force increases, indicate
that the composite samples are damaged [28]. As the
impact energy level increases, the maximum contact
force value also increases. In Figure 2b, the force-
displacement changes for different energy levels are
given together. The slope in the increasing part of the
force-displacement change is called bending rigidity in
the scientific research due to the resistance of the sample
against the impact load [22]. While the bending rigidity
value was nearly same at 20 ] and 30 ] energy levels, it
decreased at 40 ] energy level. This indicates that the
resistance of the glass fiber/epoxy composite sample
decreases somewhat with the increase in the energy
level. As the impact energy increases, sample’s
displacement increases. The area under the force-
displacement curve gives the amount of energy absorbed
by the material during the impact. It is clearly seen from
the graphs that the amount of energy absorbed increases
with the increase of the impact energy.

When the force-time changes given in Figure 3a are
examined, it is seen that the force increases rapidly with
the contact of the impactor to the sample, similar to the
glass fiber/epoxy sample, and decreases to 0 after
reaching a certain value. The highest contact force values
obtained for the same energy levels were higher in

displacement for 12-layer aramid fiber composite
sample at different energy levels

aramid fiber/epoxy samples. The most important reason
for this is that aramid fiber behaves more rigidly than
glass fiber. As the stiffness of the specimen increased, the
maximum contact force value also increased. Figure 3b
shows the force-displacement changes of the aramid
fiber/epoxy composite sample for different energy
levels. When the graph is examined, it is seen that the
bending rigidity value for the 20 | energy level is higher
than the others. The bending rigidity values at 30 ] and
40 ] energy levels were nearly same. For the same energy
level, it is seen that the largest displacement value in the
samples is lower than the glass fiber/epoxy composite
samples.

In Figure 4, 12-layer hybrid1 and in Figure 5, 12 layer
hybrid2 glass and aramid fiber reinforced composite
samples' (a) force-time and (b) force-displacement
graphs are given.

When the force-time changes given for the hybridl
sample in Figure 4a and for the hybrid2 sample in Figure
5a are examined, they are characteristically similar to the
graphs obtained from pure glass and pure aramid
composite samples. The highest contact force values
obtained from hybrid1 and hybrid2 composite samples
were found to be higher than pure glass sample and
lower than pure aramid sample for the same energy level.
When the hybrid1 and hybrid2 samples were evaluated
within themselves, it was seen that the highest contact
force value obtained from the hybrid2 sample was higher
for the 20 ] energy level. The maximum contact force
values were nearly the same for 30 | and 40 ] energy
levels. The impacted surface in the hybrid2 sample is the
aramid surface and has a higher stiffness value. This
resulted in a higher contact force for the 20 ] energy level.
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Since the damage to the samples will increase at other
energy levels, the impact response was similar.
Force-displacement graphs at different energy levels
are given for the hybrid1 sample in Figure 4b, and for the
hybrid2 sample in Figure 5b. When the graphs are
examined, the bending stiffness values of the hybrid1l
sample impacted from the glass surface were nearly the
same for 20 ] and 30 ] energy levels, but decreased at 40
] energy level. This variation is similar to a pure glass
sample. On the other hand, bending rigidity values at 30
] and 40 ] energy levels were nearly same in hybrid2
sample, which was impacted by the aramid surface, while

bending stiffness was higher at 20 ] energy level. This
change was similar to the force-displacement changes
obtained from the pure aramid sample. When the
maximum displacement values for the same energy level
are examined, it is seen that nearly same displacement
values are reached in hybrid1 and hybrid2 samples.

In Figure 6a and Figure 7a force-time, Figure 6b and
Figure 7b force-displacement graphs of 12-layer
functionall and 12-layer functional2 glass and aramid
fiber reinforced composite samples are given at different
energy levels.

7000 4 20 7000 200
2% 304
6000 { " 6000 4 40)
401
5000 1 5000
Z 4000 4 y i = 4000 4
§ N 3
S 3000 { S 3000 4 {
J
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(b) (b)
Figure 4. The graphs of (a) force-time and (b) force- Figure 5. The graphs of (a) force-time and (b) force-

displacement for 12-layer hybrid1 glass and aramid fiber
reinforced composite sample at different energy levels

When the force-time changes given for the
functionall sample in Figure 6a and for the functional2
sample in Figure 7a are examined, the maximum contact
force values obtained from the same energy levels were
lower than the previous samples. When the functionall
and functional2 composite samples were evaluated
within themselves, lower force values were obtained for
the same energy level than the functionall sample.
Obtaining lower force values by producing the samples
functionally indicates that the samples' stiffness has
decreased. Otherwise, raw material of the impacted
surface for functional samples is extremely important in
impact responses.

Force-displacement graphs at different energy levels
are given for the functionall sample in Figure 6b and for
the functional2 sample in Figure 7b. For the same energy
levels, higher displacement values were obtained from
the functional2 sample compared to the functionall
sample. When the bending rigidity values in force-
displacement changes are examined, different values

displacement for 12-layer hybrid2 glass and aramid fiber
reinforced composite sample at different energy levels

occur at different energy levels in the functional1 sample,
while nearly same bending rigidity values are obtained in
the functional2 sample.

4. Conclusion

Composite materials are frequently used in aviation,
space, automotive and defense industry sectors due to
their superior properties such as high strength/weight
ratio, high wear and corrosion resistance. The most
disadvantageous features of composite materials are
their sensitivity to impact loading and their high cost. For
this reason, predicting the damages that will occur with
impact load in composite materials and designing them
accordingly will make a significant contribution to
reducing the cost. In this study, the low-velocity impact
response of 180x100mm glass, aramid and hybrid
composite materials at 20 ], 30 ] and 40 ] energy levels
was investigated using LS-Dyna software. The results
obtained from the study are presented below;
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e When the force-time histories of all test samples at
different energy levels were examined, it was
determined that the maximum contact force
increased with the increase of the impact energy. It
was observed that the oscillations indicating damage
also increased with the increase of the impact energy.

¢ In the force-displacement curves of the 12-layer glass
fiber composite sample, the bending rigidity value
was nearly same for 20 | and 30 ], but decreased
slightly at the 40 ] energy level.

e In the force-displacement curves of the 12-layer
aramid fiber composite sample, the bending rigidity
value was found to be higher at 20 ] energy levels than
the other energy levels, and nearly same at 30 ] and
40 ] energy levels.

e In the force-displacement curves of the hybridl
sample, it was observed that the bending rigidity
values at 20 ] and 30 ] energy levels were nearly same,

but decreased at 40 ] energy level. On the other hand,
for the hybrid 2 composite sample, while the bending
rigidity value was nearly same at 30 ] and 40 ] energy
levels, but it was higher at 20 ] energy level.

e Force-displacement curves of the functionall sample
show that different bending rigidities occur at
different energy levels; The graphs of the functional 2
sample show that nearly same bending rigidities
occur at different energy levels.

e The area under the force-displacement curves gives
the amount of absorbed energy by the sample during
the impact. For all test samples, as the impact energy
increased, the amount of absorbed energy also
increased.

e Since this study examines the low-velocity impact
responses of aramid and glass fiber reinforced
composites at different energy levels, it will lead to
future studies on this subject.
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Figure 6. The graphs of (a) force-time and (b) force- Figure 7. The graphs of (a) force-time and (b) force-

displacement for 12-layer functionally graded glass and
aramid fiber reinforced functionall composite sample at
different energy levels
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