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Abstract

The aim of this study is to experimentally and numerically examine the impact strength and damage
mechanisms of sandwich composites consisting entirely of fiber reinforced composites for different core
geometries. For this purpose, firstly, composite sandwich plates with egg box, lattice and square plate
core structures were produced. Low-velocity impact tests were carried out by dropping impactors with
hemispherical geometry onto the resulting sandwich structure with three different core geometries, and
the effect of the core shape on impact strength was determined. For comparison, the cell width and
height of these three different types of core were chosen to be similar. In addition, progressive damage
analysis with the finite element method was applied. For this purpose, the MAT-162 material model, which
provides three-dimensional progressive damage analysis in composite materials and applies the Hashin
Damage Criterion, was preferred to be used in the LS-DYNA® program. When specific loads are compared
using a square core specimen under the same conditions, it can be said that the contact force of the egg
box structure is higher. While the striker rebounded from the square core at the same impact energy;, it
pierced the sandwich structure in the egg box and completely damaged the lattice core structure.

1. INTRODUCTION

Sandwich composite structures are widely used in aerospace, sports and automotive applications due to
their high stiffness/weight ratio, high strength/weight ratio and energy absorption capacity [1-2].
Sandwich materials are generally formed by combining the core, top cover and bottom cover materials. In
general, a sandwich structure consists of thin but rigid face sheets connected to a lightweight core such
as a honeycomb, prismatic or lattice core [2—-3]. To improve the performance of sandwich structures, new
sandwich structures with various face sheet and core material combinations are being developed.
Various studies have been conducted using different core structure geometries and materials to increase
the high strength/weight ratio of sandwich structures to higher levels [4-12]. Wu et al. [13] investigated
the performance of pyramidal lattice cores produced by hot press molding technique and interlocking
method under compression and impact. Fracture mechanisms and energy absorption capacity of
aluminum sandwich structures were investigated by Hou [14] and Boonkong [15] under impact load and
the influencing factors were discussed. Radford et al. [16] investigated the impact behavior of corrugated,
pyramidal and aluminum foam core sandwich structures subjected to impact loads. Zhang et al. [17]
investigated the quasi-static compression test and weight drop test performance by producing pyramidal
lattice core sandwich structures consisting of carbon fiber reinforced polymer (CFRP) surface layers and
aluminum alloy cores. Crupi et al. [18] investigated the impact resistance of sandwich structures with
glass fiber reinforced composite cover and aluminum foam core. They developed an analytical model to
predict the maximum reaction forces under low-velocity impact. Balaban et al. [19] examined the impact
behavior of sandwich composite structures with E-glass fiber reinforced polymer material as the upper
and lower cover material and PVC foam as the core material. Jiang et al. [20] designed orthogonal
sandwich composite panels reinforced with carbon fibers to create sandwich structures with very low
specific gravity and applied compression tests. At the end of the test, they examined the specific energy
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absorption level and presented the results graphically. Xue et al. [21] developed a carbon/glass fiber
hybrid composite sandwich cover with high ductility and strength to increase the impact resistance of the
honeycomb sandwich structure under low velocity and heavy load. They examined the effect of thickness
and cell size changes of the honeycomb sandwich structure using the finite element method. George et
al. [22] manufactured pyramid-shaped cage sandwich cores with relative densities in the range of 1-10%
using an interlocking method. Afterwards, the effect of shear force on these sandwich cores was
examined numerically and experimentally. Many researchers have focused on compression [18—23] and
impact [5, 7, 15, 19, 24-29, 30-36] strength of sandwich plates. In the sandwiches in the studies, as the
core structure; Mechanical properties of sandwich plates using honeycomb structure [3, 5, 31, 37], square
[18, 21, 22, 38—-40], lattice [23, 41-43] and X-structure [7], Y-structure [45] tried to be improved. Aluminum
[3, 5, 25, 35, 37, 44—47] and carbon fiber [5, 7, 18, 20-23, 26, 33, 41-43, 48—52] cores were mostly
preferred as core materials. As a result, by changing certain parameters such as material type, cell type,
cell height and cover material of sandwich structures, the effect of these parameters on the specific
strength under static and dynamic load was investigated.

In this study, unlike the literature, the effect of the core type under impact load was analyzed. For this
purpose, sandwich structures with three different core types (square, egg box and lattice) were produced
using completely composite materials. Instead of aluminum, aramid and paper (Nomex), which are
widely used in the literature, layered carbon fiber composite was preferred as the core material in this
study. Low-velocity impact tests were performed on the produced specimens and the effect of core type
and size on impact strength was calculated. In addition to the experimental studies, numerical analyzes
were carried out in the LS-DYNA finite element program under the same boundary conditions, using the
MAT-162 material model, which allows progressive damage analysis. Fiber tensile damage, matrix
compression damage, fiber compression damage and delamination damage that occurred after impact
analysis were shown separately and compared with the experimental results.

2. MATERIALS AND METHOD
2.1. Experimental Study

The carbon fiber composite plates that make up the sandwich were purchased from Dost Kimya, Istanbul,
Turkey. 245 gr/m? twill fabric and epoxy were used in its production. Composite plates consisting of 4
layers are 1 mm thick and the orientation angles of the composite plate are 0 . In order to obtain the three
different core types shown in Fig. 1, the plates were cut using the water jet cutting method according to
the sample properties given in Table 1. During cutting, great attention was paid to the material
consumption in the composite plates, and the parts to be cut were placed on the plate in a way that
minimized material loss. For the specimens named according to Table 1; The first letter indicates the core
type; S: Square, E: Egg, L: Lattice, the following number indicates the cell height, and the last number
indicates the total number of cells in the sample. The reason for choosing this type of core types is that
the production technique is similar. Although the production technique of these three specimens is the
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same, they have their own advantages and disadvantages. For example, the square cell structure has
higher strength due to its high density. However, although the lattice structure is lighter, the production
process is longer than the others. Therefore, thanks to this study, specific strength values depending on
specific density were compared and their advantages over each other were presented. Interlocking
technique was used to manufacture the core structure of the sandwich plate. In this technique, the slots
cut with a water jet are clamped together with adhesive. Detailed measurements of the cores can be
found in Bozkurt et al [53].

Since the produced specimen cores are of different types, their relative densities are different (Table 2).
To calculate the relative densities of these lattice, egg box, and square structured specimens, the
measurements in Equations (1)-(3) and [53] below were used, respectively [17, 55, 27]. The specific
densities of the specimens are shown in Table 1.
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The density of carbon fiber composites is 1500 kg/m?3. Therefore, the densities of the produced core
structure were also calculated and given in Table 1. After the manufacturing of the core structures, the
face sheets of the core structure were bonded. Face sheets have a size of 100x100 mm? for all
specimens. Araldite 2015 was used as the adhesive material in the bonding process. After the gluing
process, the assembly process was carried out by clamping it with the help of a vise so that there was no
gap between the face sheet and the core structure, as seen in Fig. 2. After this process, the specimens
were kept at room temperature for 24 hours for curing. For the weight drop test, a total of 30 specimens
were produced, three from each specimen type given in Table 1. The low-velocity impact tests performed
in this study were performed on the CEAST Fracovis Plus brand test device located in Adiyaman
University Mechanical Engineering Laboratory (Fig. 3). Impact tests were performed according to ASTM
D7136 standards [55]. A hemispherical striker was used during the tests. The diameter of the striking tip
is 20 mm and its weight is 5.5 kg. According to 30 J impact energy, the velocity of the striker at the
moment of impact is 3.332 m/s.

As seen in Table 3, the impact test was applied to the center of all specimens. The upper and lower
adhesion surface area of the square structure is equal to each other and is 10 cm?. In the lattice system,
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this value is 2 cm?. In the egg box, the lower adhesion surface area is 10 cm? and the upper surface
contacted by the striker is 2.5 cm?. In square and egg box specimens, the impact point is supported by
the core cell walls. However, in the lattice structure, there is no cell wall at the impact point. This is due to
the fact that although the cell base is the same, the cores geometries are different. In practical
applications, the impact can occur in a sandwich structure in an arbitrary coordinate and with an arbitrary
striker geometry. It is clear that the square cell structure is higher in terms of compressive strength than
the other two types in relation to its specific density. Therefore, the resistance to impact will be higher.
However, here we wanted to examine the damage response of these three types of core with the same cell
number and base area to low-velocity impact [53].

2.2. Numerical Study

LS-DYNA, a finite element software, was used to analyze the impact response of sandwich specimens,
and MAT-162 material card was used for progressive analysis [56]. The upper and lower holders are fixed
supported to ensure the same boundary conditions as the experimental test setup (Fig. 4).

The striker, on the other hand, is constrained for displacements in the x and y directions and is only
allowed to move in the batter's direction (z-axis). In this modeling, a total of 47825 nodes and 41654 solid
elements were used using the 8-node solid element type. Two layers were used to define delamination
[57]. Circular supports were modeled with a total of 3278 nodes and 3021 solid elements. The finite
element model of the specimens to be tested is presented in Table 4. For progressive failure analysis in
composite materials, element size throughout the thickness is of great importance [57]. In the low-velocity
impact analysis performed on the square-core specimen, an optimization study was carried out by
reducing the element height of the specimens from 1 mm to 0.2 mm throughout the thickness.
Accordingly, the optimum element thickness was determined as 0.33 mm (Fig. 5).

The material parameters required to define the MAT-162 material model into the program are presented in
Table 5. Among these parameters, C' 4571, Canra: Canrs: Canra, Erivr, Egxpny and Eqpgp were
calibrated and found by comparing experimental and numerical results [58]. ¢, SF'rc and 2, x are
taken from studies in the literature [57]. All remaining parameters were obtained as a result of
experimental tests performed according to the standards specified in Table 6. MAT-162 material model is
based on Hashin's [59] progressive failure principle and Matzenmiller et al. [60] is based on damage
mechanics. This material model is used to model the progressive failure that occurs in composite layers
subjected to high strain rate and high-pressure loading conditions. In the progressive damage model, the
onset of damage is governed by equations. Equations for different damage types are given in Equations
4-10. Here, damage starts when the damage thresholdisr; = 1,(¢ = 7, ..., 13). According to this;
Tensile/shear damage in the direction parallel to and perpendicular to the fiber is given by the quadratic
interaction between normal and through-thickness shear strain rates [61].

Ez-éz 2 Gwz-fzz 2 2 . ) )
< S.r ) + ( Srg ) — r7“ = 0 (in direction x) (4)
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Here, €, and €,, refer to the axial strain changes in the x and y directions, respectively, and €, and €,
refer to the shear strain changes in the x — z and y — z planes. It is assumed that the in-plane
compression damage in the direction parallel to the fiber and perpendicular to the fiber is given by the
maximum deformation criterion.

Ez-flz 2 2 / L. i i i
( o ) — 19> =0,¢€, = —€, — (€.) 7 = 0 (in direction x) (6)
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Crushing damage resulting from high thickness compression pressure was modeled using the following
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Criterion for delamination damage mode;
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It is written as. Syzo and S0 are quasi static shear strengths. S, is the factor that takes into account the
effect of stress concentration on the growth of delamination.Ssgc
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It is calculated with. Progressive damage is evaluated by six damage variables w;, (t=1,...,6),which
result from damage in different modes and deteriorate the composite stiffness [62]. The damage model
proposed by Matzenmiller [60] is the compliance matrix of the damaged state as in Eq. (12).
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It is defined by. This matrix is used to reduce specific material mechanical properties according to each
damage criterion. It is proposed in MAT-162 as an exponential function of strain rate as follows.
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A contact-eroding-surface-to-surface contact card was used to model the interaction between the
composite structure and the striker. contact-automatic-surface-to-surface model is used between the
composite plate and the upper and lower holder. The dynamic friction coefficient between the striker and
the composite material is 0.5 and the static friction coefficient is 0.3. Similarly, the friction coefficients
between the holders and plates were taken as 0.6 and 0.4. The contact-automatic-surface-to-surface-
tiebreak contact card was used to define the contact between the core structure and the upper and lower
covers. Contact according to this card,

oal \TL (sl N
NFLS SFLS ) —
14

It is broken by the condition. Here, o, and o, are the normal and shear stresses present, while NF LS
and SF'LS are the interface normal and shear strengths, respectively. Contact parameters for Araldite
2015 used as adhesive in this study are given in Table 7.

3. RESULTS AND DISCUSSION

Experimental and numerical low-velocity impact tests were carried out to examine the effect of core type
and size on the impact strength and damage behavior of sandwich composites with square, egg box and
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lattice core structures. Figure 6 shows the force-time, force-displacement and absorbed energy-time
graphs for the 16-cell S15-16 specimen. The height of these specimens is 15 mm. In the contact force-
time graph in Fig. 6a, the force reached the maximum point and then started to decrease. Accordingly,
crushing and fracture damage occurred on the upper surface cover and face sheets after the peak impact
load [63]. This situation is seen as a sudden decrease in force in the force-displacement graphs in Fig. 6b
[7]. The impactor rebounded from the specimen surface and it was observed that the displacement value
was zero at the end of the impact. In the absorbed energy-time graph in Fig. 6c¢, it is seen that some of the
energy is absorbed and transferred to the specimen. For specimen S15-16, the minimum approximation
ratio between experimental and numerical results is 91.23%. The production of the core using the
interlocking technique and the subsequent gluing of the cover material was carried out entirely by hand.
These small differences in the test results were interpreted as human-caused production errors [7].

Figure 7 shows the force-time, force-displacement and absorbed energy-time graphs of the E15-16
specimen after the 30 J impact test. In the force-time graph in Fig. 9a, it is seen that the maximum
contact force obtained is lower than the square core type. However, it is evident that the displacement is
greater after the impact (Fig. 7b). The contact force reached its peak value due to the impact between the
striker and the upper face sheet. Crushing and fracture damage occurred in the upper face sheet and core
after the peak impact load [64]. As seen in the contact force-displacement graph, these damages caused
the fall [65]. When the striker pierced the upper face sheet and contacted the lower face sheet layer, the
force increased again (Fig. 7a, b). The striker stopped after piercing the upper face sheet and touching the
lower face sheet, and then the force reached zero. Therefore, this situation can be defined as penetration.
It can be seen in the graph that the second peak value of the force is lower than the first value.
Accordingly, the hitter lost some of his energy at the moment of first contact with the upper face sheet.
Therefore, it hit the lower face sheet with a lower energy [63]. Figure 8 shows force-time, force-
displacement and absorbed energy-time graphs for L15-16. The lattice structure is not strong enough to
absorb 30 J compared to the other two types of core structures. For this reason, the impact energy
applied in the tests was reduced to 10 J (Fig. 8a). According to Fig. 8c, in the force-displacement graph,
the contact force between the striker and the upper face sheet due to the impact reached the peak value
and then decreased to zero. In other words, the striker rebounded after hitting the specimen surface [66].

Figure 9 shows the effect of a specimen height increase on absorbed kinetic energy, maximum contact
force and maximum displacement in 16-cell specimens with square core structure. These specimens
were subjected to impact testing with 30 J. While the absorbed energies are normalized; First, the largest
energy in three different sandwich structures was determined, and then all the energies in the graph were
divided by this value (Fig. 9a). The amount of energy absorbed increases as the height increases [21].
However, according to Fig. 9b, it is seen that the maximum contact forces decrease as the core height
increases. Additionally, the highest displacement occurred in the largest specimen with core height of
12.93 mm [21] (Fig. 9¢). Similarly, Fig. 10 shows the effects of cell height on impact parameters in
sandwiches with lattice core structure. There is an increase in absorption energy if it increases from h =
20 mm to h =30 mm. However, this increase is not as obvious as in the square core type. The highest
value was obtained at h =15 mm.
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Considering the error bars, it can be said that the height effect is around 10% (Fig. 10a). It is seen that the
maximum contact force decreases as the core height increases. In lattice sandwich structures with
different heights exposed to the same impact energy, the highest displacement occurred in the specimen
with the largest core height of 14.14 mm, again similar to the square core type [66]. The main damage
modes of the sandwich structure can be interlamination on the face sheets, matrix and fiber damage, as
well as bending or fracture of the core structure. At low impact energy, the most widespread damage
pattern in the upper face sheet around the impact zone is interlayer delamination. As the impact energy
increases, intra-laminar damages such as fiber breakage and matrix cracking resulting from failure will
replace inter-laminar delamination for the low impact energy case [7]. In Fig. 11, the transverse matrix
damage areas are compared numerically and experimentally for the S15-16, E15-16 and L15-16
specimens, respectively, after the impact test. The first surface that the striker comes into contact with at
the time of impact is given as front view. The surface remaining on the underside of the contact surface
is shown as the back view. When the graphs are examined, it can be seen that the transverse matrix
damage areas are compatible with each other. For E15-16, damage occurred to the lower face sheet along
with the upper face sheet due to the impact of the strike, while for S15-16 and L15-16, only the upper face
sheet was damaged.

Damage morphologies are shown in numerical detail in Table 8. In this table, the regions shown in red in
the LS-DYNA numerical results are the regions where damage occurred. When the impact damage
patterns are examined, it is seen that crushing and breaking damage occurs in the upper face sheet and
the cell wall supporting it from below due to the impact of the impact. In the case of the in-plane matrix, it
can be seen that the red area where the damage occurs is greater than the other damage types.

According to Fig. 12a, the maximum contact forces for the egg box core structure when the number of
cellsis 4 and 16 are 2854 N and 3293 N, respectively. It is seen that the maximum contact force
decreases as the core width increases, that is, the number of cells decreases [21]. Therefore, as the cell
density increases, the impact resistance of the sandwich structure also increases [54]. However, specific
maximum contact forces were obtained by dividing the maximum contact force values for both cell types
by their respective densities. In this case, when the contact forces were examined, it was seen that the
results were close to each other as expected. In Fig. 12b, the maximum contact forces of square and egg
box core type specimens are specifically compared. Because although the number of cells, base area and
height are the same for each cores type, it can be seen in Table 1 that their specific densities are different.
Since the core wall types are different, it is not possible to use a common specific density. Therefore, only
when specific contact forces are compared can it be seen that the egg box has a higher value.

In Fig. 13, the percentage absorbed energy of specimens produced in lattice and square core types is
presented for different cell heights. When 30 J impact energy was applied to the S15-16 specimen, it
absorbed 85% of its energy. For specimen L15-16, this value is 80%. Egg box specimens (E15-16, E20-16)
absorbed all the energy due to penetration by the striker in case of impact, and this situation is not shown
in the graph. Similar behaviors were obtained in the comparisons made for h =20 and 30 sandwich
height (Fig. 13b, ¢).
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In Fig. 14, the vertical axis is obtained by dividing the percentage of energy absorbed by the sandwich by
its own density. The horizontal axis shows the relative density. Although the energy absorption ability of
the low-density carbon lattice cores used in the study according to relative density is lower than the
square core sandwich structures, it is similar ([67], [69]) or even superior ([17]) to other lightweight lattice
cores with similar density in the literature., [70]) can be seen. Zhang et al. [17] used aluminum lattice core
in their study. According to Fig. 14, when the percentage energy absorption per unit density of the
sandwich composite made entirely of carbon fiber is compared with aluminum, it can be said that the
performance of the sandwich structure presented in this study is successful, considering the density.

After-impact force-time, force-displacement and energy-time graphs of square-section sandwich
composite structures with different face sheet thicknesses, using models verified by experimental and
numerical results, are shown numerically only in Fig. 15. According to this; When the force-time graph is
examined, when the face sheet thickness is t = 0.5 mm, a perforation occurs in the specimen after the
striker contacts the specimen, and due to the ongoing friction between the striker and the sandwich plate,
the contact force remained constant at a certain value and did not decrease to zero. When the face sheet
thickness was t=1 and 1.5 mm, rebounding occurred on the striking specimen surface. Therefore, as the
face sheet thickness increases, the amount of displacement in the specimen decreases as the rigidity of
the sample increases [21]. The maximum contact force when the face sheet thicknesses weret=0.5 and
1.5 mm was determined as 4567 N and 7219 N, respectively. It is observed that the maximum contact
force increases as the valve thickness increases [21]. The sample with t =1 mm face sheet thickness
absorbed 18% more energy thant=1.5.

When the impact damage patterns are examined in Table 9, it is seen that fracture damage occurred in
the top cover and core due to the impact of the impact in the specimen with cover thickness t=0.5 mm.
The striker penetrated the upper face sheet and the core structure and passed to the lower face sheet.
Here, perforation is seen due to impact. Figure 15b shows that there is no rebound in the striker and it
proceeds by piercing the specimen. In other surface face sheet thicknesses, the striker bounced back
without piercing the top face sheet.

4. CONCLUSION

This study examined the low-velocity impact response of carbon fiber sandwich composites with square,
egg box and lattice core structures. All three types of core structures are produced with the interlocking
technique. Strength values were calculated experimentally and numerically by applying a weight drop test
to the produced specimens. The results obtained can be summarized as follows::

* Increasing the cell height reduces the maximum contact force. After the impact test performed for 30
J, while the striker rebounded in the square core, it pierced the sandwich structure in the egg box. If it
is the same value, the lattice core is completely damaged.

» Fora 16-cell egg carton cell, a 4-times increase in density increased the maximum force at 30 J by
15%. When specific loads are compared using a square core sample under the same conditions, it
can be said that the contact force of the egg box structure is higher.
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 |f the absorbed energy is compared as a percentage, it is seen that the energy absorption of the
square core structure is higher than the lattice structure.

e Numerical analyzes for the low-velocity impact test were obtained with a minimum approximation
rate of 82% through experimental measurements. This numerical model shows that it can be a
helpful tool in the development of new, lightweight, multifunctional and complex structures for many
engineering applications. For this purpose, as a result of the analyzes made without experimenting, it
was determined that increasing the face sheet thickness by 2 times for a square structure increased
the maximum contact force by 58%.

 |tis seen that the impact mechanical properties of sandwich core structures depend on the geometry
and material of the core materials as well as the relative density of the core structure. The square
core structure has the ability to absorb partially more energy for higher specific density than the egg
and lattice. It has been determined that these produced sandwiches have similar or higher energy
absorption capabilities than other lightweight lattice cores with similar relative density in the
literature. It can be said that the sandwich lattice structure performance presented in this study is
successful compared to the aluminum core structure, considering the density. Because if aluminum
is used with the same geometry, the density of these cores will increase by 1.8 times. At this point,
designers need to pay attention to the density/% absorbed energy ratio of sandwiches.
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Figure 1

a) Square, b) egg and c) lattice core type.
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Figure 2

a) Gluing the core and face sheets b) placing them in the mold

1. Striker
2.Specimen
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Figure 3
Low velocity impact test device

Page 18/26



1-Striker
2- Upper and lower holder
3- Composite face sheets
4- Composite square core
5- Compositeegg core

6- Composite lattice core

Figure 4

Finite element model of sandwich specimens for different cores.
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Mesh optimization across face sheet thickness for square core sandwich.
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Figure 7

a) Contact force-time b) contact force -displacement c) kinetic energy-time graph for the E15-16.
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a) Normalized absorbed kinetic energy, b) maximum contact force and c) maximum displacement graph
for different cell heights in square core specimens.
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Experimental and numerical comparison of transverse matrix damages for a) S15-16 (30 J), b) E15-16
(30J) andc) L15-16 (10 J).
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Effect of a) cell density for egg core type, b) core type on maximum contact force.
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a) Contact force-time, b) contact force-displacement, c) kinetic energy-time graph of square core
sandwich structures with different face sheet thicknesses
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