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The aim of this study is to determine the crushing performance of four different composite lattice cylinder structures (hexagonal,
circular, square, and triangular) under quasistatic compression loading using the finite element method. The numerical model was
developed by performing progressive damage analysis with the MAT-54 material model in the LS-DYNA finite element software.
The crushing performance (peak force (PF), mean crushing force (MCF), crushing force efficiency (CFE), and specific energy
absorption (SEA)) and damage types of composite cylinders for different lattice structures, specimen thicknesses, lengths,
material types and compression directions (axial and tangential) were determined and compared with results from other
studies in the literature. At the end of the study, it was determined that the PCF value of the square lattice structure was 19.3%
higher than hexagonal lattice structure, 37.6% higher than the circular lattice structure, and 33.4% higher than triangular lattice
structure for axial loading. The AL specimen exhibited the highest EA value with 1717, while the CFRP specimen had the
highest SEA value with 4.2]/g. The CFE value was the highest for the AL specimen. The deformation behavior of lattice
cylinders varied primarily according to the cell type.
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Summary

e The crushing performance of different composite lat-
tice cylinder structures was examined.

o The effects of composite lattice structures on specimen
thicknesses and lengths, material types, and compres-
sion directions were determined.

e The numerical model was implemented in the LS
DYNA finite element model by performing progressive
damage analysis with the MAT-54 material model.

1. Introduction

Composite materials stand out due to their lightweight, high
stiffness, wear resistance, and high thermal and chemical
resistance compared to other materials [1]. However, light-

weight composite lattice structures have attracted much
attention, especially in the aerospace industry because they
are very light and durable. Curved shapes in composite
structures are used to meet these needs in aerospace due to
their insulation and aerodynamic effects. Cylindrical struc-
tures are preferred because their energy absorption (EA)
potential is higher than that of flat plates [2]. The safety of
the driver and passengers in transportation vehicles during
a collision is directly related to the EA potential. The most
important function of EA components is to distribute most
of the load in the event of a collision or compression. For
this reason, researchers have focused on the EA capability
of structures.

The main purpose of using lattice structures is to reduce
the total weight of the system. Especially in metal structures,
when a lattice structure is used instead of the whole volume,
the total weight is significantly reduced [3]. This is very
important in the aviation industry where weight is an
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important influence on fuel consumption. In recent years,
with the improvement of the mechanical performance of
composite structures, the use of composites in applications
requiring mechanical strength is increasing. It is observed
that curved composite structures have become common in
applications ranging from bicycle frames to vehicle and air-
craft parts.

The use of lightweight composite lattice structures has
increased in recent years with many different structural
shapes being explored. The most commonly used ones are
the tetrahedral truss [4], isogrid [5] pyramidal truss [[6,
7]], Kagome shape [8], octet truss [9], egg shape [10], Y
shape [[11, 12]], and others. Since structural changes have
a significant effect on mechanical performance, it is likely
that different structural configurations will be investigated
in future studies. These structures have become popular
due to their lightweight and high strength properties. They
are also used as core structures in sandwich structures and
as strength enhancers in cylindrical structures [[13, 14]].

Many different tests and laboratories are needed to pro-
duce composite structures, which have a wide range of appli-
cations, to test the specimens produced and to determine
their mechanical performance [10]. The limited and high
cost of the materials needed in the production processes,
along with the trial-and-error testing of the produced speci-
mens using expensive testing equipment, restrict researchers
[15]. Due to these high costs, researchers have carried out
the production and testing stages with the help of finite ele-
ment programs [16]. However, although the accuracy of
finite element analysis has increased with the advances in
finite element technology, the accuracy rate decreases when
these analysis results are not supported by experimental
work. To overcome this problem, researchers have created
numerical models based on experimental studies that were
previously performed at high costs and with significant diffi-
culties. In the literature, it is evident that experimental stud-
ies that are very similar to one another are conducted at high
cost, requiring significant time and labor. Instead of doing
the same or similar experimental studies, it will be very con-
venient for researchers to create a numerical model with ref-
erence to previous studies. Since these numerical models
share the same boundary and loading conditions as the
experimental studies, they can yield results very close to
the actual values [17].

Many studies have been conducted to evaluate the
mechanical performance of cylindrical composite structures
[[15, 18, 19]]. However, the number of studies investigating
and comparing the mechanical performance (EA efliciency,
peak crushing force (PCF), mean crushing force (MCF),
and max displacement) of lightweight composite lattice cyl-
inder structures (hexagonal, circular, square, and triangular)
is limited. Wu et al. [13] investigated the structural compres-
sive strength of sandwich cylinder structures with lattice
cores under compression loading corresponding to four pos-
sible failure modes (Euler buckling, axisymmetric buckling,
local buckling, and front panel crushing of sandwich cylin-
ders). Zhang et al. [20] numerically investigated the damage
mechanisms of lattice cylindrical structures. Hao et al. [21]
investigated the compression behavior of an environmen-
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tally friendly natural fiber-based isogrid truss cylinder made
of pineapple leaf fibers and phenol formaldehyde resin
matrix. Li et al. [22] fabricated sandwich cylinders with lat-
tice cores and investigated their compression behavior.
Zheng et al. [5] theoretically analyzed the structural stiffness
and critical axial force of lattice cylinders by the equivalent
continuity method. They investigated spherical buckling,
out-of-plane strut buckling, in-plane strut buckling, in-
plane strut buckling, and strength fracture damage of the lat-
tice structure under load. Wu et al. [[13, 23]] theoretically
and experimentally investigated the compression and shear
behavior of sandwich cylinders with low-density pyramid
lattice cores made of plain woven carbon fiber fabrics.
Golivari et al. [24] investigated the EA parameters of bolted
double hat connections reinforced with adhesive bonding
method. Mahmoodi, Shojaeefard, and Saeidi Googarchin
[25] investigated the crashworthiness behavior of tapered
multicellular tubes theoretically and numerically. Tapering
of the side walls and division of the cross section into cells
were used to improve the EA of the thin-walled structure.
Saeidi Googarchin et al. [26] investigated the EA properties
of conical multicellular tubes cured with foams. Khorasani
and Saeidi Googarchin [27] theoretically and numerically
investigated the crashworthiness characteristics of conical
structures with uniform cells in cross-section when sub-
jected to oblique impacts. Li et al. [28] investigated the
behavior of honeycomb sandwich cylinder structures fabri-
cated by a winding-based method under compressive load.
Hajjari et al. [3] fabricated a lattice composite cylinder made
of hexagonal unit—cell lightweight E-glass yarn using a tex-
tile-based method and investigated the impact resistance
performance and quasistatic axial compression behavior
experimentally and numerically.

In this study, the crushing performance of different
shaped glass/epoxy lightweight composite lattice cylinder
structures (hexagonal, circular, square, and triangular)
under quasistatic compressive loading was determined using
the finite element method. A previous experimental study
was used to support the numerical model. The numerical
model was developed by performing progressive damage
analysis with MAT-54 material model in LS DYNA finite ele-
ment model. Using the numerical model supported by the
experimental study, the crushing performance (peak force
(PF), MCF, crushing force efficiency (CFE), and specific
energy absorption (SEA)) of composite cylinders for differ-
ent composite lattice cylinder structures, specimen thick-
nesses, specimen lengths, material types, and compression
directions (axial and perpendicular to the axis) and the types
of damage occurred were determined. At the end of the study,
the crushing performance was compared. In addition, SEA
performance was compared with studies in the literature.

2. Materials and Method

2.1. Experimental Study. It is important that the numerical
model used in the study is supported by an experimental
study in order to ensure accurate results. Therefore, in this
study, the numerical model was created by referencing the
experimental study in Ref. [29]. In the study, cylinder
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specimens were produced by filament winding process using
E-glass/PET 199. The cylinder was wound using 20 layers of
E glass/PET 199 with a stacking sequence of [+75],,. Speci-
mens have a length of 100 mm, an inner diameter of 80 mm,
and a wall thickness (t,) of 2.4 mm. The specimens were axi-
ally compressed under quasistatic loading condition. The
displacement rate of the axial compression test was 2 mm/
min. The experimental tests were repeated five times each.

To determine and compare the EA capabilities of com-
posite lattice cylinders, it is necessary to calculate the crash-
worthiness parameters. These parameters are calculated
from force-displacement curves. Figure 1 shows an example
force-displacement curve obtained from a compression test.

The load first rises to a maximum point and then
drops sharply, followed by the formation of folds in the
structure. The process continues with an average crushing
force until all energy is absorbed. Here; the area under the
graph gives the absorption energy (AE) or total internal
energy (TIE) (1).

EA(dx) =J "F(x)dx (1)

0

where d, is the crush distance and F(x) is the crush force
as a function of the crush distance of x.

EA
SEA = — (2)
m

Energy per unit of mass is denoted by SEA, where m
is mass.

CFE is the ratio of the average crushing force (F average)
to the PCF and is defined as

MCF
CFE= —— 3
PCF 3)

The PCF is the maximum force value of the system. The
MCEF is considered as the average force. In this study, the
effective crushing distance for all specimens was set to 75%
of the original cylinder length.

2.2. Numerical Study

2.2.1. Finite Element Model. Many finite element software
programs such as ANSYS, ABAQUS, NASTRAN, and LS-
DYNA are used to model the behavior of composite struc-
tures under load. Among these software, LS-DYNA stands
out with its comprehensive material models in the material
library, complex contact condition definition features, and
solution algorithms. Therefore, LS-DYNA software was pre-
ferred in this study to determine the compression behavior
of composite specimens [30]. LS-DYNA helps approximate
the compression-induced damage of composite pipes and
allows the development of new models by modifying these
models. The solution technique of the program includes
material cards that provide damage models based on the
continuous damage mechanism (CDM).

FOT peg
|

- -

FiGure 1: Example of the force-displacement curve obtained from
compression test.

According to these selected material cards and damage
criteria, the material exposed to a load up to a certain critical
threshold value is damaged after a while. The specimen was
modeled as a shell element with a mesh size of 2.5 mm x
2.5mm and 20 integration points. The number of meshes
is a very effective parameter in finite element analysis time
and closeness to experimental results. Therefore, a 2.5x 2.5
mm mesh structure was used to obtain results close to the
experimental results, for efficiency and fast solutions.
Figure 2 shows the compression test finite element model
of the composite pipes.

The specimens were placed between the upper and lower
rigid plates. The lower plate movements were kept fixed in
the x, y, and z directions, while the upper plate was allowed
to move freely in the z direction. The compression speed of
the top plate was set at 1.5m/s considering the processing
time and efficiency. “CONTACT_AUTOMATIC_SUR-
FACE_TO_SURFACE” contact card was defined between
the top plate and the composite. “CONTACT_AUTO-
MATIC_SINGLE_SURFACE” contact card was used to pre-
vent interference between the elements in the composite
specimen. Both dynamic and static friction coefficients were
defined as 0.2 [31]. For the quasistatic compression test of
the composite specimens, the upper plate was moved in
the z-direction using the BOUNDARY_PRESCRIBED_
MOTION_ SET card. The bottom plate was assigned as
fixed. To avoid dynamic effect, the initial velocity was
increased linearly starting from 0 up to 1.5m/s and then
kept constant.

The four different lattice structures used in the study are
shown in Figure 3. The most important research novelty of
this study, unlike other studies in the literature, is the deter-
mination and comparison of the crushing performance of
these four different lattice structures. Although there are
many cage structures in the literature, it has been observed
that the compression behavior of these four structures has
not been compared. With the advancement of technology
and the development of manufacturing techniques, it is
possible to produce composites with many different struc-
tures. Researchers have focused on new structures with ligh-
ter weight and higher strength. Another important point
that makes this study important is to produce very light
and high-strength structures. Therefore, determining the
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1-Top rigid plate
2- Bottom rigid fix plate
3- Composites cylinders structure

FIGURE 2: Mesh model generated for compression simulations of the composites circular cylinder specimens.

performance of these new structures will be an important
reference source for researchers working in this field. The
reaction of the material under load may vary with the
change in structural configurations. Therefore, the compres-
sion performance of these structures subjected to the same
compression load under the same boundary conditions will
be determined in detail. There are holes in the lattice struc-
tures used. Therefore, relative density is used to describe the
amount of material used per unit. Relative density is deter-
mined by dividing the area of the cell walls used in a cell
by the total area of the unit cell. The way of calculation varies
according to the cell type. Relative density calculation for-
mulas are given in Table 1. Relative density values of the lat-
tice structures used in the study are given in Table 2 [10]. In
the dimensions given in the table, L, L, and t, represent cell
length, specimen length, and cell thickness, respectively.

2.2.2. Material Models. The determination of the material
model is of great importance for the finite element model
results to closely match the experimental results. In the
LS-DYNA finite element program, there are many material
models to describe composite materials. Among these, MAT-
22, MAT-54/55, MAT-58, MAT-59, and MAT-162 are the
most commonly used material models by researchers. The
main differences between these material models are the dam-
age criterion and material behavior as a result of loading.
Strength parameters (transverse compressive strength, longi-
tudinal compressive strength, transverse tensile strength, and
shear strength) are used to determine when the material is
damaged. Load calculation in a material occurs in three
stages. (1) Stress concentration points and strain distribu-
tions are determined. (2) The maximum load due to the load
is calculated. (3) The material is damaged according to the
damage mode used. MAT-22 includes four damage modes
(matrix tensile mode, matrix compression mode, fiber tensile
mode, and fiber compression mode), while MAT-54 con-

siders three damage modes (tensile fiber, tensile matrix, and
compression matrix mode). MAT-55 differs from MAT-54
as it is based on the Tsai-Wu criterion for matrix damage.
MAT-58, which is based on stress at fracture surfaces, stands
out with its SLIMx feature that describes the interaction
between layers from damage. MAT-59 is an elastic-plastic
material model that can also predict compression and shear
through thickness. The MAT-162 model offers the capability
to investigate the postload damage in composite structures in
three dimensions (3D). In this study, the MAT-54 material
model was preferred. This choice was made because MAT-
54 is highly compatible with shell elements, lacks complex
damage parameters, has a damage model that effectively
describes the damage mechanisms of composite structures
(Chang-Chang and Tsai-Wuy), is widely referenced in the
literature, and offers short analysis times. When defining
the MAT-54 material model, 25 input values are needed. Of
these, 15 parameters are the material constants given as
shown in Table 3. The remaining 10 numerical parameters
(shown in Table 4) are obtained by calibrating through finite
elements [32]. Mechanical properties of Al 6061-T6 are given
in Table 5. The indices a, b, and c in the table represent the
fiber directions. Some parameters used in the MAT54
material model are determined by experimental tests, while
others are determined by trial-and-error method. Therefore,
a comprehensive study is required for the calibration of these
parameters [33].

2.2.3. MAT_54-55: Enhanced Composite Damage Model. It is
the most widely used material model together with shell ele-
ments in the analysis of composite structures. In the material
model, it is assumed that the material is orthotropic and lin-
ear elastic in the absence of any damage. In this model,
MAT-54 damage criterion was proposed by Chang, and
MAT-55 damage criterion was proposed by Tsai-Wu. This
material model has the same operating logic as MAT-22
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FI1GURE 3: Types of lattice structure used in the study.

but includes an additional compression damage mode. The
Chang-Chang criterion (MAT-54) is given below.
Tensile fiber (o, > 0).

("5_111>2+f=1 (4)

All moduli and Poisson’s ratios are set to zero when the
tensile fiber failure criteria are met, that is, E; =E, =G, =
vy, = U, =0. All the stresses in the elements are reduced to
zero, and the element layer has failed.

Failure mode for compressive fiber (o,; > 0)

TaBLE 1: Relative density calculation formulas of truss structures.

Cell name Cell shape Relative density (p)
LC
fe———>
H 1 - ( 2 > t‘
exagona B NI
;\
LC
|[— "
4t(Lc - tc)
Circular
ch
L
|<—c> |
2 fe
Square L_c
|<#>|
t
Triangular (1 + ﬁ) f
c

Failure mode for compressive matrix

2
(2) +[<&>—1}2+%:1 )
28, 28, C,

where E; and E, are the longitudinal and transverse
elastic moduli, respectively, G,, is the shear modulus, v;,
and v,, are the in-plane Poisson’s ratios. When damage
occurs in the composite layers (through the thickness with
Integration points), elements are deleted here. Elements that

have nodes in common with the deleted elements can be
reduced in strength using the SOFT parameter.

3. Results and Discussion

The load-displacement graph of the glass composite circular
cylinders, obtained under axial load, is shown in Figure 4.
Upon analysis, it is evident that the numerical results closely
match the experimental results. The PFC value of the com-
posite circular specimen is 68.8 kN in the experimental study
and 69.06kN in the finite element result. The difference
between the experimental and numerical results is 0.37%.
The MCF value was determined to be 34.5kN in the exper-
imental results and 33.25kN in the numerical results. The
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TaBLE 2: Characteristics of the lattice structures used in the study.
Name Cell type L, (mm) t, (mm) L, (mm) Relative density
Hé6 Hexagonal 6 1 100 0.33
H8 Hexagonal 8 1 100 0.25
H12 Hexagonal 12 1 100 0.16
C6 Circular 1 100 0.55
C8 Circular 1 100 0.43
C12 Circular 12 1 100 0.30
S6 Square 6 1 100 0,33
S8 Square 1 100 0.25
S12 Square 12 1 100 0.16
T6 Triangular 6 1 100 0.40
T8 Triangular 1 100 0.30
T12 Triangular 12 1 100 0.20

difference between the experimental and numerical results is
3.60%. Under the effect of compression force, the load
reaches the maximum point. Then, crushing and fracture
damages occur in the composite structure [10]. These dam-
ages typically occur at the contact point between the top
plate and the composite cylinders. In finite element analysis,
the elements at this contact point are deleted due to the high
stress [30]. These damages are reflected as a sudden load
drop in the PF-displacement graph. The deformation pat-
terns that cause the initial damage and the subsequent force
drop are depicted both experimentally and numerically.
After the initial damage, the force continues to hover around
the mean crushing load until the end of the compression
process. The experimental and numerical data have a ser-
rated shape with ups and downs. The upward sloping sec-
tions in the experimental data represent an increase in the
stresses on the elements and an increase in the resistive load
due to multiple crack propagation. It can be observed that
the force decreases negatively as the loading condition con-
tinues. In finite elements, an upward increase occurs in the
graph due to loads on the element reaching a certain stress
value or strain rate. When the critical stress value is reached,
sudden deletion occurs in the element. Therefore, the load is
wasted and a decrease in the force value occurs. Here, when
this stress value between the layers reaches the critical value,
MOD-I delamination may also occur and cause load drop
[34]. When the oscillations in the numerical results are care-
tully examined, it is observed that they have different ampli-
tudes and ranges from the experimental results.

Here, amplitude and wavelength are related to the mate-
rial model used. In the numerical model, the sudden drop
after the peak load and the large oscillation that occurs after-
wards is observed as softer in the experimental study. This is
because, even if the elements in contact with the plate apply-
ing compression force are crushed and damaged, the force
does not decrease at the point of contact since the damaged
area and the upper plate continue to be in contact. In the
numerical model, however, the sudden deletion of the ele-
ments in contact with the upper plate causes a discharge in
the force. This causes sudden and sharp drops.

Composite structures can be exposed to very different
loads depending on the sector and application areas. Com-
posite structures exposed to load show resistance to this
applied load in proportion to their mechanical properties.
Therefore, it is necessary to know the strength values of
composite structures according to their application areas.
In general, metal materials react as elongation or shortening
when exposed to load. They are then damaged by plastic
deformation. However, composite structures can be dam-
aged in many different damage modes [35].

Therefore, composites exposed to compression test can
absorb this energy through damage mechanisms such as
matrix cracking, delamination, and fiber breakage. These
damage types were observed in the specimens at the end of
the compression test. The behavior of the composite speci-
men under compression load is shown progressively in
Table 6. The deformation pictures for the experimental
study were taken from Ref. [29] for comparison. The first
deformation occurred at the point of contact between the
top plate and the composite pipe, in alignment with the
experimental study. Then, the damage size progressed as
the compression force continued. The initial damage point
depends on the orientation angle of the fibers for composite
structures [10]. The arrangement of the fibers, which is the
biggest factor in providing strength in the structure, is very
important at this point. To absorb the energy generated by
the compression effect, metal structures generally react with
folding, bending, and then plastic deformation. In composite
structures, matrix cracking, fiber bending, transverse shear,
and delamination absorb this energy.

Table 7 shows the deformation pictures under load and
the stress values on the structure. In the finite element
working principle, the structure is divided into small ele-
ments, and stress is calculated. In order for an element to
be deleted or deformed, it must be subjected to a certain
load value. If the load to which it is exposed is greater than
the maximum strength limits, deformation or deletion
occurs in that element. Therefore, the stress data of the
structure are important for understanding the overall con-
dition of the system.
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TaBLE 3: Mechanical parameters of the GFRP [25] and CFRP [10] composite.

Symbol Property CFRP [10] GFRP [26] Unit
p Density 1500 2000 kg/m’
E,E, Young modulus a and b direction 43.7 37.9 GPa
E, Young modulus in ¢ direction 14.57 11.5 GPa
Uy Poisson’s ratio in ab plane 0.21 0.29 —
Uy Poisson’s ratio in bc plane 0.21 0.29 —
U, Poisson’s ratio in ca plane 0.21 0.29 —
Gy, Shear modulus in ab plane 14.18 45 GPa
Gy Shear modulus in bc plane 14.65 4.5 GPa
G, Shear modulus in ca plane 14.65 45 GPa
Sar Tensile strength a direction 0.589 0.936 GPa
Sac Compressive strength a direction 0.1096 0.484 GPa
Spr Tensile strength b direction 0.589 0.025 GPa
She Compressive strength b direction 0.1096 0.143 GPa
Sab Shear strength in ab plane 0.1082 0.0161 GPa

TaBLE 4: Failure parameters of the composite.

Symbol Description Unit
DFAILM  Transverse matrix failure strain experimental 0.0
DFAILS Shear failure strain experimental 0.0
DFAILT Tensile fiber failure strain experimental 0.0
DFAILC  Compressive fiber failure strain experimental 0.0
TFAIL Timestep for element deletion computational ~ 0.16
Alpha Shear stress parameter damage dependent 0.0
Soft Strength reduction factor damage dependent 0.7
FBRT Reduction factor for S,; damage dependent 1
YCFAC Reduction factor for S, damage dependent 3
EFS Effective failure strain computational 0.90

TaBLE 5: Mechanical properties of Al 6061-T6.

Density E Poisson Yield stress Failure
(kg/ m?) (GPa) ratio (MPa) strain
2850 72 0.33 252 0.4

The finite element model was supported with experi-
mental data to achieve high accuracy. Using this model,
results with high accuracy rates can be obtained by making
modifications to specimens with different structural configu-
rations, material types, and mechanical properties [31]. With
advancing technology, researchers have achieved high accu-
racy rates by using finite element technology under the same
boundary conditions, rather than performing high-cost,
time-consuming, and challenging experiments [32, 33].

Finite element technology can also be used to assess the
feasibility of high-cost tests before implementing them. This

model is particularly widely used in the aerospace industry,
where costs are very high. Therefore, advances in this field
and the number of studies in this field have increased con-
siderably in the last 10 years [36].

Using the numerical model validated by the experimen-
tal study, different lattice cylinder shell specimens were
subjected to compression tests in the axial direction, and
their mechanical behavior was investigated. Figure 5(a)
shows the PF-displacement plots of these specimens. In
Figure 5(b), the PF values of all specimens are compared.
In Figure 5(a), it can be observed that the difference between
the PCF and the MCF is large because the specimens have a
lattice structure. Therefore, to better illustrate this force
difference, it is shown in the 1 mm compression test graph.
For all specimens, it is observed that after the compression
load is applied, the force value rises to the peak and then
drops sharply. It is then observed that it continues with an
average value until the end of the test. Since the legs of the
square specimen contacting the upper and lower holder were
thin, damage occurred after the peak point and the force
value became zero due to the damage. Then, an increase in
force occurred again. When the PF results for four different
lattice structures are examined in Figure 5(b), it is observed
that the highest PF value is obtained for L =6 mm in each
lattice structure. It was observed that the PF value decreased
as the L dimension increased for all four lattice structures.
When compared with each other, the highest PF value was
obtained as 18.36 kN for the specimen with a square-
shaped lattice structure. However, the largest decrease in
force with a change in L dimension was 41.65% for the
square lattice structure specimen (18.36kN for L=6,
10.71kN for L =12). It was observed that the change in PF
value with the change of L size in the circular lattice struc-
ture was much less than in the other lattice structures. The
PF value for H6 is smaller than for S6. The wall thickness
of the S6 specimen is not constant like H6. Due to the
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TaBLE 6: Gradual damages occurring in the specimens after the compression test.
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TaBLE 7: Compression behavior of the specimen at different stages in FEM.
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structural difference, it provides an advantage to the S6 spec-
imen. However, when the cell length is longer, the flexibility
increases. Therefore, the PF value of the S12 specimen is
lower than H12. The PF change value between L =6 and
8 mm decreased by 5.8%. In the triangular lattice structure,
the PF value between L=6 and 8mm is 12.43kN and
12.35kN, respectively, while this value is 10.34kN when
L=12mm. While a gradual decrease in parallel with the
length is expected, the material reaction may not show line-
arity under the same boundary conditions. On the other
hand, such a result is actually expected because the internal
dynamics of composite structures are not linear like those
of metals, and there are many partially interdependent fac-
tors. The behavior of an aluminum pipe under compression
load can be predicted due to its material structure. However,
in composite structures, factors such as fiber type, number of
fibers, matrix type, and matrix fiber compatibility. Because of
this complexity, unexpected deviations can occur between
the results.

Composite structures can be subjected to loads of very
varying magnitudes and directions depending on the area
of use. Therefore, it is extremely important to know the
loads and loading patterns that the structure may be exposed
to in advance and to determine the strength values of the
structure in all directions in terms of engineering and design.
Composite lattice cylinder structures were subjected to tan-
gential quasistatic compression loading, and their strength
values and mechanical behaviors were investigated. When
Figure 6 is examined, it is observed that the highest PF value
among all specimens is 24.5kN in the T6 specimen. The
lowest value occurred in the S12 specimen. When the graph
is carefully examined, the highest PF result was obtained for
L=6mm for each specimen group as in the compression
test performed in the axial direction. This is related to rela-

tive density. As the relative density value decreases, the effect
of the structure against the load decreases. The triangular
lattice structure has the highest PF change with the change
of L. When L increased from 6 to 12mm, the PF value
decreased by 55.9%. Similarly, it was determined that the
change in PF value with the change in L length was 43.9%
for hexagonal lattice structure, 27.8% for circular lattice
structure, and 31.8% for square lattice structure.

Composite lattice cylinder structures can have different
lengths. The effects of length on PF were analyzed and the
results are given in Figure 7. The specimen nomenclature
here is indicated by adding L in front of the specimen length.
For example, the specimen H6-L50 represents a hexagonal
lattice structure with a cell width of 6 mm and a length of
50 mm. For the four different lattice structures, the highest
PF values occurred in the specimens with the shortest length
(L =50 mm). It was observed that the PF value decreased as
the length of the structure increased [15]. The highest PF
value among the four specimens occurred in the square
(S6-L50) specimen with 19.6kN. In the square specimen,
the PF change with the change of L length (L=6, L =12) is
the largest with 50.5%. This indicates that specimen size
has a significant effect on PF [15].

When the behavior of structures under load is examined,
it is well-known that the material type and its mechanical
properties have a significant effect [37]. The reaction of
materials when they are exposed to load can be different.
For example, when a tensile test is applied to a ductile
material such as aluminum, elongation first occurs in the
specimen. After a critical threshold, plasticization and then
fracture occur. There is a linear relationship between the
load and the structure, allowing for easy prediction of the
material’s behavior due to this parallelism. But the situation
is different in composite structures. In composite structures
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FIGURE 5: After axial compression (a) peak force displacement and (b) PCF graph for all specimens.

with a brittle structure, elongation occurs very little com-
pared to aluminum structures, and a sudden failure is
observed. Upon impact, the composite structure reacts based
on various factors, such as the type of fiber within the com-
posite, orientation angle, compatibility with the matrix, type
of matrix, and mechanical properties. Therefore, it is not
easy to predict the reaction of the composite structure under
load. The peak load values of composite lattice cylinders
under compression load for GFRP, CFRP, and aluminum
are given in Figure 8.

When naming the specimen, the type of material used is
added next to it. For example, H6-GFRP refers to a glass com-
posite hexagonal structure with a cell width of 6 mm. Four
different lattice structures are grouped accordingly. When
the graph is analyzed, the highest peak load value occurred
in the S6-AL specimen and the lowest in the T12-GFRP
specimen. With the use of AL material in the H6 specimen,

the PF value is 20.4% higher than GFRP and 17% higher than
CFRP. When the graph is examined in general, it is observed
that the peak load values for the lattice cylinder structures of
the composite structures against aluminum are low. In com-
posite structures, it is the fibers that provide the main strength
in the system. The shortness of the fiber structures due to the
lattice design significantly affects the strength value [38].

The effects of material thickness on PF are shown in
Figure 9. PF values for material thickness (1.2, 2.4, and
4.8 mm) are given for all specimens. It is observed that the
PF value increases in parallel with the increase in material
thickness for all lattice types. The highest peak load value
among all lattice structures occurred in the H8-4.8 specimen
with hexagonal structure.

The performance of energy-absorbing structures is
crucial to protect people or property from damage in the
event of impact. Experts conducting research in this field
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FiGURe 7: Effect of length on peak force after axial load.

evaluate the situation in the context of cost-benefit while
designing. For example, in the aviation industry, lattice
structures with low density and high EA potential are pre-
ferred. Because it is predicted that fuel consumption will be
minimized due to their lightweight. Therefore, it is an
important choice that will reduce the rate of carbon emis-
sions. In the literature, some parameters are evaluated by
taking some parameters to determine the EA potential.
These are PCF, MCF, SEA, and CFE parameters. These
parameters and the calculation method are mentioned in
detail in the previous section. The summary result of the
study is given in Table 8.

EA is calculated by calculating the area under the force-
displacement graph. But the value calculated here is the
energy absorbed by the total weight. To find the absorbed

energy per unit, SEA is obtained by dividing the total energy
by the total mass. In the aircraft industry and the automobile
sector, the SEA value is taken into account more, because
lighter weight but more EA is demanded. ES and SEA values
of all specimens are given in Figure 10. When Figure 10(a) is
examined, it is observed that the EA value changes as the
material type changes. In hexagonal, square, and triangular
specimens, the EA value decreases as the L dimension
increases for all materials. But in circular specimen, it
increases on the contrary. Here, the cell wall of the circular
structure is different from the other three types. In the other
three structures, the cell wall is the same thickness, whereas
in the circular structure, it is the same only in the middle
part. Due to the circular shape, the middle part and the
upper part are different from each other. However, when
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SEA values are analyzed in Figure 10(b), it is observed that
C12-CFERP is higher than C12-AL. The main reason for this
is the high density of AL material. Even if the relative density
values are the same, the density has a great effect on the
weight. In addition, the SEA value in the compression test
of the solid circular tube was determined as 16.82]/g [29].
The four different structures used in the study did not reach
this value.

When the highest PCF values according to the material
type are examined, it determined the T6 specimen with
65.9kN and 122.3kN in GFRP and CEFRP, respectively,
and the C12 specimen with 171kN in AL. Therefore, it is

observed that the type of lattice is an impressive parameter
on the EA [39]. Even though the EA of aluminum structures
was higher than composite GFRP and CFRP, the SEA value
was lower than CFRP. The reason why it is higher than
GFRP is that the density of the composite used is higher
than carbon. Since the density of aluminum is high, that is,
the weight efficiency is low, the SEA value decreases by
dividing the total energy by the total mass. In order to pre-
vent this situation, researchers have aimed to increase effi-
ciency by conducting research in hybrid structures where
aluminum and composite structures are combined [13, 39].
In addition, the amount of energy absorbed can be increased
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TaBLE 8: Summary of the results.

Type L (mm) ID m (g) t (mm) EA (J) SEA (J/g) PFC (kN) MCF (kN) CFE

6 Heé6 31.6 2.4 17.2 0.5 12.63 0.23 0.018

Hexagonal 8 HS8 28.4 2.4 12.3 0.4 14.80 0.16 0.011
12 HI12 25.5 2.4 7.3 0.3 12.59 0.10 0.008

Cé6 33.7 2.4 32.1 1.0 11.45 0.43 0.037

Circular 8 C8 36.6 2.4 44.8 1.2 11.40 0.60 0.052
GERP 12 C12 34.0 2.4 59.8 1.8 11.36 0.80 0.070
S6 31.5 2.4 17.4 0.6 18.36 0.23 0.013

Square 8 S8 25.6 2.4 9.7 0.4 15.95 0.13 0.008
12 S12 21.5 2.4 6.1 0.3 10.71 0.08 0.008

Té6 53.5 2.4 65.9 1.2 12.23 0.88 0.019

Triangular 8 T8 43.8 2.4 24.8 0.6 12.35 0.33 0.010
12 T12 32.1 2.4 9.9 0.3 10.34 0.13 0.008

He6 48.6 2.4 60.7 1.3 18.20 0.81 0.044

Hexagonal 8 HS8 43.7 2.4 38.8 0.9 21.30 0.52 0.024
12 Hi12 39.2 2.4 22.5 0.6 18.44 0.30 0.016

C6 51.8 2.4 95.7 1.8 15.15 1.28 0.084

Circular 8 C8 56.3 2.4 160.9 2.9 17.30 2.15 0.124
12 C12 52.3 2.4 171.2 4.1 17.93 2.28 0.127

AL S6 48.4 2.4 45.1 0.9 25.05 0.60 0.024
Square 8 S8 394 2.4 48.2 1.2 22.37 0.64 0.029
12 S12 33.1 2.4 13.8 0.4 18.45 0.18 0.010

T6 82.3 2.4 196.7 24 19.60 2.62 0.134

Triangular 8 T8 67.3 2.4 99.7 1.5 21.95 1.33 0.061
12 T12 494 2.4 30.0 0.6 21.67 0.40 0.018

He6 27.1 2.4 29.6 1.1 15.13 0.40 0.026

Hexagonal 8 H8 24.4 2.4 21.4 0.9 17.85 0.28 0.016
12 HI12 21.9 2.4 12.8 0.6 14.67 0.17 0.012

C6 28.9 2.4 52.2 1.8 13.63 0.70 0.051

Circular 8 C8 314 2.4 87.7 2.8 14.15 1.17 0.083
CERP 12 C12 29.1 2.4 121.2 4.2 13.55 1.62 0.119
S6 27.0 2.4 24.5 0.9 21.93 0.33 0.015

Square 8 S8 22.0 2.4 14.9 0.7 19.37 0.20 0.010
12 S12 18.5 2.4 9.3 0.5 12.49 0.12 0.010

T6 45.8 2.4 122.3 2.7 14.41 1.63 0.113

Triangular 8 T8 37.5 2.4 50.5 1.3 14.60 0.67 0.046
12 T12 27.5 2.4 16.3 0.6 12.29 0.22 0.018

by using high-performance aluminum alloys. For composite
structures, fiber orientation and fiber arrangement have a
significant effect on EA [40].

The PCF value is an important parameter for assessing
crashworthiness. However, the most important parameter
affecting the EA capacity is MCF. In some cases, the PCF
value may be too high while the MCF value may be too
low. Therefore, the higher the MCF value, the higher the
EA capacity. The CFE value represents the efficiency
between these two. It should be as high as possible to maxi-
mize EA eficiency without causing damage during an acci-
dent. The PCF, MCF, and CFE values for GFRP, CFRP,
and AL materials for all specimens are given in Figure 11.

When Figure 11(a) is analyzed, it is observed that the highest
PCF value occurs in AL material in specimen S6. Therefore,
it is observed that the material type has a significant effect. It
is observed that the PCF of the square lattice structure is the
highest for all three materials. Although the PCF value is
high for the square lattice structure, Figure 11(b) shows that
the MCF value is low, and therefore, the EA efficiency is also
low for the CFE. The PF value of CFRP is higher than GFRP
due to its mechanical performance. The highest CFE value
for all material types was the C12 specimen.

The deformations of the truss structures are given in
Figure 12. After the load is applied to the truss structure, it
gradually increases with the displacement, and no significant
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FIGURE 10: Energy results after compression test: (a) energy absorption (EA); (b) specific energy absorption (SEA).

deviation in linear behavior is observed until the peak. At
this point, the structure can resist up to a certain load before
a sharp drop in load occurs. Then, a sharp drop in load
occurs in the structure. This is the scenario that generally
occurs when any specimen is tested in compression [41].
Depending on the type of specimen used, the PCF value
and the average load amount with sudden load drop may
vary. When Figure 12 is examined, it is observed that for
the hexagonal lattice structure, the hexagonal shape shrinks,
and shrinkage occurs under the effect of compression force.
It is observed that all four different specimens were subjected
to global buckling in the first stage of loading with compres-
sion load, followed by local buckling and material damage at
different locations. Especially in the circular structure, the
first deformation occurred at the thinnest point between
the two cells due to stress intensity. This is shown in red
color in the finite elements. These structures can be locally

or globally deformed depending on the geometric parame-
ters. The locations of the initial damage and the deformation
patterns depend on the cell structure As the force continued
to be applied, first local buckling and then [39, 42] global
buckling occurred with the effect of force. For the hexagonal
lattice structure, global buckling occurred at an angle of
approximately 30 degrees near the top plate. With the
increase in force, the specimen folds at the place where
global buckling occurs and at this angle. This loading con-
tinues until 75% of the total length is deformed. The maxi-
mum resistance is shown for the first damage [42].

In case of subsequent loading, the stability of the struc-
ture deteriorates and the average force value becomes signif-
icantly lower compared to the initial PF value. When the
compression [39] behavior of the circular lattice structure
is examined, it is observed that the circular structures shrink
and shape change occurs as if subjected to shear force. Due
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to the effect of the compression load, shrinkage occurs in the
cells, causing the radius of the middle area of the lattice
structure to decrease, and the structures become indented
inward. As crushing progresses, numerous shear bands form
on the surface of the structures, accompanied by the bending
of the cells. Over time, the circular cells fill almost the entire
structure, and eventually, the cells are twisted until they con-
dense. Under the effect of this densification, the force value
in the structure increases [39]. In a square lattice structure,
the square structure of the cell structure is disrupted by the
compression effect, and the first deformation occurs very
close to the top and bottom plates. As the crushing pro-
gresses, the structure is damaged in this direction. In the
triangular lattice structure, similar to the square lattice struc-

ture, it is observed that folds occur close to the upper and
lower plate points.

Nowadays, especially in the aerospace industry, the need
for lighter and high-strength structures is more and more in
demand. For this, researchers have focused on the perfor-
mance of specimens of different structures under dynamic
loading conditions using different material compositions.
SEA value is an important criterion, especially in sectors
where EA performance is important. The relative density-
SEA values of composite lattice cylinder structures under
compressive loading are given in Figure 13. The results of
the present study are compared with the results in the liter-
ature [[17, 43-49]]. When the graph is examined, the SEA
value of the circular CFRP lattice structure is 56.7% higher

85L80| 7 SUOLULLIOD BAFe8ID 3ol jdde 8u Aq peusenob 8e S3joe O ‘SN JO SajnJ Joj AreqIT8UIUO AB]IA UO (SUO I IPUOD-PUR-SLLBYLIOD™A8 |IMAe.q |BUTIUO//SATY) SUORIPUOD PUe SWiS L 8U} 885 " [7202/2T/2z] Uo ArlgiTaulluo A ‘AISAIIN UNPeH ud| Aq 9220822/¢202/SSTT OT/I0p/W0o™A8 1M Areq 1 |Buljuo//sdiy wouj papeojumod ‘T ‘720z ‘v8r6



International Journal of Polymer Science

17

8 []
]

6 ] L] I. [}
Cy
< ¢ = " =
7 [ ] L _

] .
2 ° =
| [ | [ ] [ o™ [ °
0 v [ ] et [ ) ® o
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Relative density (p)

B Lattice cylindrical diamond structures [17]
Lattice cylindrical auxetic structures [45]
Lattice cylindrical triangular structures [46]

B MFCC lattice [47]

M Octahedral lattice [48]

B Plate lattice [49]

B Arch lattice [50]

B Honeycomb lattice [51]

® Present study-GFRP

® Present study-AL
Present study-CFRP

FIGUrE 13: Comparison of SEA values with studies in the literature.

than the honeycomb lattice [49] structure with approxi-
mately the same relative density ratio, while it is 72% less
than the lattice cylinder diamond [17] structure. The desired
situation in sandwich structures is to have a low relative den-
sity value and a high SEA value. An important feature that
sandwich structures offer to users is that they are optional
in this way. In other words, it can be specially selected
according to the area of use and the type of component to
be used. But ultimately, the main goal is to get maximum
efficiency within the safety and cost limits.

4. Conclusions

In this study, the crushing performance of different compos-
ite lattice cylinder structures (hexagonal, circular, square,
and triangular) under quasistatic compression loading was
determined using the finite element method. The numerical
model was applied by performing progressive damage anal-
ysis with MAT-54 material model in LS DYNA finite element
model. In the study, the crushing performance and the types
of damage that occurred were determined. Based on the data
obtained at the end of the study, the results can be summa-
rized as follows.

For the axial loading case, the PCF value of a square
lattice structure is 19.3% higher than hexagonal, 37.6%
higher than circular, and 33.4% higher than triangular lattice
structure. For the axial loading case, when the cell length
used in the lattice structures is increased from L =6 mm to
12mm, the PCF value decreases by 14.9% for hexagonal,
0.41% for circular, 41.6% for square, and 15.43% for triangu-
lar structure. Cell length has a significant effect on PCF. For
the tangential loading case, the PCF value of triangular is
55.2% higher than square, 3.1% higher than circular, and
39.5% higher than hexagonal lattice structure. When the cell
length was increased from L =6 mm to 12 mm, the triangu-
lar lattice structure showed the highest change in PCF value
with 55.8%.

When the specimen length increased from L = 50 mm to
200 mm, the PCF value decreased by 19.2% for hexagonal
lattice, 19.6% for circular lattice, 11.3% for square lattice,
and 20.8% for triangular lattice structure. The highest PCF
value occurred in the $6-L50 lattice structure with 19.6 kN.
When compression test was applied for GFRP, CFRP, and
AL cylinder lattice structures, the S6-AL specimen had the
highest PCF value with 25kN. The PCF value increases as
the specimen thickness increases. The highest PCF value
occurred in specimen H8-4.8 with 21.3kN. The C12-AL
specimen had the highest EA value with 171], while the
C12-CFRP specimen had the highest SEA value with 4.2]/g.
The CFE value was the highest in the C12-AL specimen. The
deformation behavior of latticed cylinders varies mainly
according to the cell type. Buckling shape, shrinkage type,
and bending angle vary according to the cell structure. This
study has a high potential to contribute to the literature if
supported by experimental studies in future research.
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