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Honeycombs are essential elements in mechanical systems where low weight and high
strength are required. Aluminum and Nomex® are the most commonly used honeycomb
materials in structures exposed to compression stress. The primary purpose of this study is
to verify the compression behavior of honeycombs in Ls-Dyna using experimental values and
theoretical equations. Additionally, it is aimed to evaluate the honeycombs parameters such
as cell diameter, cell wall thickness, and material. A correlation matrix was created using the
Python/Seaborn program to examine the impact coefficients of the parameters. In this way,
the effect of design parameters on compression strength and internal energy was investigated.
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INTRODUCTION

Honeycomb materials are widely used in aircraft com-
ponents, in which the compressive strength/density ratio
is crucial for structural integrity and minimization of the
weight. These are achieved by the optimum combination
of the design parameters using a lot of structural analyses.
Cell size, web thickness and material selection are some of
the critical parameters in a honeycomb design. Increasing
the thickness of the honeycombs increases the strength of
the sandwich structure. However, the increase in strength is
higher than the rate of increase in weight [1, 2]. The main
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reason for its frequent use is its flexible structure, simplicity
of production, lightness, and high strength [1]. The honey-
combs used in different parts of the aircraft are shown in
Fig. 1.

Previous experimental, theoretical, and numerical
studies have been conducted better to understand the
compression behavior of aluminum and Nomex® hon-
eycombs. To illustrate, Gibson and Ashby [2] researched
the mechanical behavior of honeycombs. The theo-
retical equations related to the elasticity modulus of the
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honeycomb in the third direction, the shear modulus of
the 3-1 and 3-2 planes, and the elastic strength in the third
direction were derived. The work of Gibson and Ashby
applies to isotropic materials such as aluminum but not to
anisotropic materials such as Nomex® material. Folding in
aluminum honeycombs is smooth, but the Nomex® hon-
eycombs show uneven folds and break edges. Therefore,
aluminum equations cannot be used for Nomex® honey-
combs. Zhang and Ashby [3] investigated the mechanical
behavior of Nomex® honeycombs in the third direction. In
this study, the buckling and fracture caused by compres-
sion stress applied in the third direction in honeycombs
were explained by theoretical equations. The results were
consistent with the experimental values of Nomex® hon-
eycombs. Although theoretical studies showed that mate-
rials exhibit isotropic and anisotropic behavior, they may
exhibit different behaviors in applications. Therefore, the
experimental test results must be used to validate the
Ls-Dyna model.

Bitzer [1] mentioned the use of honeycombs as com-
mercial products. The mechanical behavior of honeycombs
made of various materials, particularly aluminum and
Nomex® honeycombs, was investigated. The theoretical
equations of honeycombs produced in hexagonal and vari-
ous forms were emphasized. Khan [4] carried out several
experimental tests following the ASTM C-365 (Standard
Test Method for Flatwise Compressive Properties of
Sandwich Cores) [5] to be used in the selection of materi-
als for air and space structures. Aluminum honeycomb was
tested separately as bare and a sandwich in these tests. Foo
etal. [6] investigated the linear elastic properties of Nomex®
paper and Nomex® honeycomb with an experimental test
setup following ASTM standards. The results obtained
were compared with theoretical equations, and the effect of
geometric properties on the Nomex® honeycomb elasticity
module was investigated.

Figure 1. Honeycomb core materials.

Experimental testing of honeycomb structures is
time-consuming and expensive. Analysis methods of the
finite element have been developed to prevent these costs.
Ls-Dyna is a standard program of analysis in this field. The
analysis results and the simulations that are very close to
the experimental results are given so that they are used as
a standard in the development process [7]. In the compres-
sion tests of honeycomb materials, Ls-Dyna is generally
used before the design to make it easier for the designer
while deciding on the parameters. Since this is not suffi-
cient, the correlation among design parameters should be
made more explicit using Python code.

Heimbs et al. [7-9] worked on virtual testing of Nomex®
and carbon fiber honeycombs. The effects on the analysis of
parameters such as material, mesh size, and cell geometry
was emphasized. Shell and solid elements were used in the
studies. For these models, MAT54 and MAT126 material
cards were used in Ls-Dyna. The numerical and experimen-
tal studies were compared to validate the models. Seemann
and Krause [10,11] focused on the honeycomb, which was
made of Nomex® T-412. In this study, 4 different Nomex®
honeycomb models were used in the finite element envi-
ronment. It was stated that the single-layer orthotropic
approach among these models is the most recommended
model because it reflects the experimental tests well. In
comparison to the actual experimental tests, the model was
reduced to 8 cells, in which the time of analysis was reduced
and savings were made. Meran et al. [12] studied the crash
resistance parameters for aluminum honeycombs. These
parameters included cell wall thickness, cell diameter, cell
opening angle, impact speed, and mass. Experimental test-
ing was performed, and theoretical equations were used to
verify the finite element model. Roy et al. [13] determined
the mechanical properties of Nomex® paper for use in finite
element models. As an experimental test, the tensile test of
Nomex® paper and tensile-compression tests of honeycomb
made of Nomex® material were performed. While modeling
honeycomb in hexagonal form, non-stick parts were mod-
eled as one unit, and the sticky parts were modeled in two
units. Xie et al. [14] studied the mechanical behavior of the
sandwich structure under impact load. The core material of
the sandwich structure was Nomex®. Considering the den-
sity of the honeycomb, the thickness of the surface plates,
the diameter of the impact part, the energy parameters of
the impact, and the damage modes in the sandwich struc-
ture were examined. Their experimental values and numer-
ical values were compared.

There are many studies in the literature on the analy-
sis of honeycomb using Ls-Dyna. Also, there are different
areas where the Python/Seaborn program is used. However,
there is no study evaluating honeycomb parameters using
Ls-Dyna and Python/Seaborn together. Using these two
together, we aim to understand the relationship between
design parameters using the results from Ls-Dyna with
Python/Seaborn. Also, it is to create a reference source for
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future optimization and design improvement studies. In
this research, compression test models of aluminum and
Nomex® honeycombs in Ls-Dyna were established in sec-
tion 2. MAT18, MAT26 and MAT54 material cards were
used in Ls-Dyna. Different mesh sizes and compression
head speeds were used to approach experimental data.
These experimental data are the breaking behavior and the
highest compressive strength. The results of the Ls-Dyna
model yielded to be compatible with experimental and the-
oretical calculations. After verification, a series of analyses
were performed for different cell sizes and cell wall thick-
nesses. A structural analysis database was built in the design
tool by taking permutations of the parametric variables. In
section 3, with this database, the correlation matrix was
established using Python/Seaborn [15] program based on
the data analysis approach. In this way, the relationship
between the parameters affecting the thirty-two Ls-Dyna
analysis results was understood. In section 4, the compari-
son of aluminum and Nomex® honeycomb and the param-
eter impact coeflicients were mentioned. In the last section,
the benefit of using Ls-Dyna and Python/Seaborn together,
and recommendations for future work were discussed.

NUMERICAL MODELING USING LS-DYNA

Experimental values and theoretical formulas were
used to validate the Ls-Dyna models. In this way, the larg-
est elastic compression strength values of the models were
compared.

Aluminum Honeycomb

Fig. 2 shows the structure descriptions of the aluminum
model in Ls-Dyna. In Fig. 2(a), the yellow shows double-
thickness and grey represents single-thickness. Fig. 2(b)
shows the geometrical expressions of this honeycomb. Fig.
2(c) shows the test sample. The directions W and L repre-
sent the directions of the plane, and T represents the nor-
mal direction of the plane. Also, D is the cell diameter, 1 is
the one side of the cell, t is the single layer of the cell wall,
2t is the double cell wall, © is the expansion angle and h is
the core thickness.

The geometric properties and strength value of the hon-
eycomb which were collected from this experiment were
given in Table 1.

A theoretical comparison was based on Gibson and
Ashby’s theoretical equation. Maximum strength calcula-
tion that can be applied elastically in aluminum honey-
combs [2].

(0.) = 5.2E(¢/I (1)

In this equation, o represents the highest elastic com-
pressive strength in the 3rd direction, is the modulus of
material elasticity, t is the cell wall thickness of the honey-
comb, and | is the length of the hexagonal side of the hon-
eycomb. The theoretical compressive strength value is 1.95
MPa when the features given in Table 1 are applied in Eq. (1).

The finite element model in the compression test estab-
lished for numerical analysis is shown in Fig. 3. According

(c)

Figure 2. Honeycomb core materials (a) The surfaces of honeycomb, (b) geometrical dimensions, (c) test sample.

Table 1. Geometric and mechanical properties of honeycomb [4]

Elasticity module Cross-section area Core thickness

Material (GPa) (mm?) (mm)

Web thickness Experimental strength
Cell size (mm) (mm) (MPa)

Al3003  68.94 33.5x62.4 10.2

6.3 0.064 2.15
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to the ASTM C-365 [5] standard, 60 cells were drawn in the
ANSYS Workbench module using the Honeycomb-Creator
[24] extension and transferred to Ls-Dyna using the .step
extension.

In the experimental tests, since the compression head is
more challenging than the honeycomb, the head was con-
sidered rigid in the finite element environment. For this
case, PLANAR_MOVING_FORCES in the RIGIDWALL
model [27, 28, 29] was selected. The head speed should be
0.5 mm/min according to ASTM C-365 [5] standard. Due
to the nature of finite elements, the resolution time in quasi-
static loadings is not acceptable due to such speeds [9]. The
head speed can be increased to shorten the time required
for the solution. Therefore the head speed was increased
in the Ls-Dyna finite element model. The shell element
Belytschko-Tsay was selected for the structure of the cell
walls in the honeycomb [7]. For the aluminum 3003 [25,
26] material model, MAT18-POWER_LOW_PLASTICITY
was chosen. Table 2 shows the parameters for the material
model.

The AUTOMATIC_SINGLE_SURFACE [14, 19, 20,
22, 30] contact has been defined between the honeycomb
walls. In this way, unrealistic interlacing among shell ele-
ments was prevented. The head under the honeycomb was
fixed during the experiment, and the upper part of the
honeycomb moves downward with the head. For bound-
ary conditions in the Ls-Dyna environment, 6 degrees of
freedom of the nodes at the lower edges of the honeycomb
were limited [10]. Constrained nodes are shown in red and
unconstrained nodes are shown in green (Fig. 4).

The selection of mesh sizes is essential [7]. Too small
mesh size lengthens the analysis time excessively. Incorrect
mesh size similarly causes deviation from experimen-
tal values. In an experiment, Khan found the aluminum

Figure 3. Ls-Dyna finite element model for aluminum
honeycomb.

Table 2. Material parameters for MAT18

honeycomb’s compressive strength to 2.15 MPa [4]. In this
study, five different mesh sizes were tested by applying 0.5
m/s speed to approximate the experimental value. The size
of the mesh used varies from 0.4 mm to 1.82 mm. Ls-Dyna
compression test results for various mesh sizes are shown
in Fig. 5.

The result of the 1.21 mm mesh size shown in Fig. 5
is closer to the 2.15 MPa experimental test value than the

Figure 4. Restricted and free nodes with 6 degrees of
freedom.

Compressive Stress (MPa)

Compressive Strain (%)

Figure 5. Mesh sizes and Ls-Dyna compression test results.

Mass density (RO) Young’s modulus (E)

Poisson’s ratio (PR)

Strength coefficient (K) Hardening exponent (N)

2.74e-06 68.94 0.33

0.20546 0.2687710
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others. Therefore, analyses were made with this mesh size
for aluminum. In order to verify the model with the experi-
mental test value, a quasi-static analysis was performed at
different speeds for a mesh size of 1.21 mm and is shown
in Table 3.

Since the compression speed of 0.5 m/s is closer to
the experimental test value compared to other speeds,
the aluminum analyses were performed at this speed.
The internal energy changes are similar to each other at
speeds up to 1 m/s of the head. However, as the speed
increases, the amount of internal energy change also
increases. This shows us that the speed selection of the
compression head is important and the value should be
chosen as close to ASTM as possible.Theoretical, experi-
mental and Ls-Dyna finite element model results are
shown in Table 4.

According to Table 4, there is a 10.1% difference between
the Ls-Dyna model and the theoretical calculation. In
addition, there is a 0.92% difference between the Ls-Dyna
model and the experimental test value. A close relationship
was observed between the Ls-Dyna analysis result and the
experimental result.

The compression behavior and stages of the aluminum
honeycomb in Ls-Dyna are shown in Fig. 6. When €=0.74,
the highest elastic strength value is 2.17 MPa. Up to this
point, the aluminum honeycomb is elastically compressed.
When the compressive strain is between €=0.74 and €=65,
the region is defined as the plateau region. There is plas-
tic folding on the edges of the honeycomb in this region.

(a)

Figure 7. The phases of the aluminum honeycomb model with a mesh size of 1.21 mm during compression.

From the €=65, plastic folding ended on the edges and the
densification zone begins. The folded edges in this area are
compressed by the movement of the head, which causes an
increase in compression stress.

The steps of the aluminum honeycomb during gradual
compression are shown in Fig. 7.

In order to see the effect of cell diameter and cell wall
thickness on the highest compressive strength and inter-
nal energy, a series of analyses with different values were
carried out. The results of the analysis are shown in Table
5. Code was made for modeled aluminum honeycombs.
The catalog of the Hexcel firm [18] was used for coding.
In the MAT18_1/8_0.001 model, MAT18 is an aluminum

w

Experimental

- = Ls-Dyna

5
(&) n

Compressive Stress (MPa)
wn

(=
n

Compressive Strain (%)

Figure 6. Experimental and Ls-Dyna (1.21 mm mesh size)
stress-strain curves for aluminum honeycomb.

Table 3. Compressive strengths and internal energies at different speed values

Speed (m/s) 0.25 0.3 0.4
Compressive strength (MPa) 2.01 2.05 2.11
Internal energy (J) 1.39 1.40 1.43

0.5 0.6 0.7 1 2 5
2.17 2.21 2.26 2.37 2.65 3.1
1.43 1.43 1.45 1.47 1.60 2.04

Table 4. Comparison of aluminum honeycomb models for theoretical, experimental and Ls-Dyna

Model type

Theoretical

Experimental Ls-Dyna model

Compressive strength (MPa) 1.95

2.15 2.17
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material model, with 1/8 cell diameter and 0.001 cell wall
thickness in inches.

The results given in Table 5 are given in Fig. 8 as a coun-
ter with using Minitab program [23]. As shown in Fig.
8, as the cell size increases, the strength value decreases.
However, as the wall thickness increases, the strength
increases.

Nomex® Honeycomb

Comparison with experimental and theoretical results
was made to validate the Nomex® model in Ls-Dyna.
Heimbs [7] carried out a series of experimental tests and
Ls-Dyna finite element analysis using the commercial
product Cormaster C1-3.2-48 honeycomb (Fig. 9) Nomex®
material. The compressive strength in the T direction of

0.060
0.055
'E Compression
& 0.050 Stress (MPa)
7 <1
g 0.045 m ! -2
£ o2 = 3
= 3 -4
= 0.040 — T
>5
= 0.035 -

0.030

35 4.0 4.5 5.0 55 6.0
Cell Size (mm)

Figure 8. Aluminum honeycomb compressive strength
values corresponding to cell size and cell wall thickness.

Table 5. Analysis results of aluminum honeycombs

the regular hexagonal honeycomb was examined in these
tests.

The cell diameter of C1-3.2-48 shown in Fig. 9 is 3.2
mm and the cell wall thickness is 0.0613 mm. T-412 ara-
mid paper is a compressed honeycomb wall material. The
maximum elastic strength obtained experimentally is 1.94
MPa [21]. The parameters used for the Nomex® model in
Ls-Dyna are shown in Table 6 [6,10,11,13,17].

In the Nomex® model, Eq. (2) was derived from Zhang
and Ashby [3]. This equation was used to determine the
maximum theoretically applicable compressive strength.

Figure 9. Nomex® honeycomb.

Cell size (mm) Cell wall thickness (mm)

Compression Strength (MPa) Internal Energy (J)

Code

3.2 0.0254 1.23
3.2 0.0381 2.58
3.2 0.0508 3.59
3.2 0.0635 4.37
4 0.0254 0.85
4 0.0381 1.71
4 0.0508 2.83
4 0.0635 3.63
4.8 0.0254 0.65
4.8 0.0381 1.26
4.8 0.0508 2.20
4.8 0.0635 2.97
6.4 0.0254 0.47
6.4 0.0381 0.87
6.4 0.0508 1.38
6.4 0.0635 2.09

1.521 MAT18_1/8_0.001
3.055 MAT18_1/8_0.0015
5.306 MAT18_1/8_0.002
8.29 MAT18_1/8_0.0025
1.704 MAT18_5/32_0.001
3.386 MAT18_5/32_0.0015
5.927 MAT18_5/32_0.002
8.663 MAT18_5/32_0.0025
1.927 MAT18_3/16_0.001
3.83 MAT18_3/16_0.0015
6.259 MAT18_3/16_0.002
9.575 MAT18_3/16_0.0025
2.247 MAT18_1/4_0.001
4.518 MAT18_1/4_0.0015
7.129 MAT18_1/4_0.002
10.155 MAT18_1/4_0.0025
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o,=6E (p/p)’ (2)

In this equation, the expression o, represents the high-
est elastic compressive strength in the 3rd direction. E_ rep-
resents the elasticity module of the Nomex® material in the
machine direction, p represents the density of the Nomex®
honeycomb and p_represents the density of the Nomex®
paper. The theoretical compressive strength value is 2.39
MPa when the features given in Table 6 are applied in Eq.
(2).

There are many methods in the literature for model-
ing Nomex® honeycomb. Analyses were performed using a
single layer orthotropic approach (Fig. 10) [10] because it
is compatible with the test results and the time required for
analysis solution time is short.

The minimum number of cells to be tested should be 60
cells according to the ASTM C-365 standard [5]. However,
making 60 cells like the actual experimental test increases
analysis time. Therefore, the sample was shrunk and mod-
eled as 8 cells in Ls-Dyna (Fig. 11) [11].

Due to the downward movement of the head in the
model, compression stress occurs in the Nomex® honey-
comb. PLANAR_MOVING_FORCES was selected for
the head in the RIGIDWALL model. The Belytschko-Tsay
shell element was chosen for the modeling of cell walls
[7]. Unlike aluminium, Nomex® paper is not a mechani-
cally isotropic material. It has different mechanical prop-
erties in the direction of the machine and in the direction
of the cross. An orthotopically elastic-perfect plastic

Table 6. Primary parameters for Nomex® wall paper

Definition Parameter Unit Value
Mass density (RO) 1((51//\3) 940
gilérclg’(s) Irlnodulus—longitudinal (EA) GPa 3
31631;23’2 rrlnodulus-transverse (EB) GPa 17
Young’s modulus-normal direction (EC) GPa 1.7
Poisson’s ratio ba (PRBA) - 0.2
Poisson’s ratio ca (PRCA) - 0.2
Poisson’s ratio cb (PRCB) - 0.3
Shear modulus ab (GAB) GPa 1.2
Shear modulus bc (GBC) GPa 1.2
Shear modulus ca (GCA) GPa  1.028
Longitudinal compressive strength  (XC) MPa 45
Longitudinal tensile strength (XT) MPa 90
Transverse compressive strength (YC) MPa 30
Transverse tensile strength (YT) MPa 60
Shear strength, ab plane (SC) MPa 55
Failure criterion (CRIT) - 55

composite material model is required for these properties.
Since the cell wall material is unidirectional, MAT054/055-
ENHANCED_COMPOSITE_DAMAGE was chosen [7].
AUTOMATIC_SINGLE_SURFACE contact was defined in

Single layer
orthotropic

<

Figure 11. Ls-Dyna finite element model for Nomex®
honeycomb.
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the Nomex® honeycomb model to prevent cell walls from
passing through each other. Some factors should be exam-
ined in Ls-Dyna to approach experimental test results [7].
These factors are the model of the cell wall material, the
speed of the head and the mesh size. In order to get closer
to the actual result, the fracture behavior and the compres-
sive strength value were checked. The experimental fracture
behavior of the honeycomb C1-3.2-48 Nomex® is shown in
Fig. 12.

The fracture behavior of Nomex® honeycombs with dif-
ferent mesh sizes is shown in Fig. 13.

The experimental maximum compression test value
for honeycomb C1-3.2-48 Nomex® is 1.94 MPa. The mesh
size closest to this value is 0.46 mm. The fractures in the
Nomex® honeycomb are seen to be in the middle of the test
sample when the experimental test is examined. The only
model in which the fracture can be seen in the middle is the
0.46 mm mesh size model. For these reasons, this mesh size
was selected for analysis. The effect of different mesh sizes
on compression stress can be seen in Fig. 14.

Heimbs et al. studied the compressive stress-compres-
sive strain behavior of Nomex® honeycomb at different

Figure 12. Experimental fracture of C1-3.2-48 Nomex®
honeycomb [8].

compression speeds [9]. Different compressive strength
values were achieved at different speeds. In this case, the
experimental strength value and the buckling of the Nomex®
honeycomb cell walls must be precisely simulated. A series
of Ls-Dyna analyses were conducted at different speeds to
approximate experimental values in the Heimbs et al. study.
In the analyses, 1.92 MPa was detected at 0.7 m/s. Results
are presented in Table 7.

Similar to aluminum honeycombs, compression speed
is an effective factor in Nomex® honeycombs. To obtain
more accurate values, it is necessary to apply ASTM stan-
dards. Theoretical, experimental and Ls-Dyna finite ele-
ment model results are shown in Table 8.

According to Table 8, there is a 19.6% difference
between the Ls-Dyna model and the theoretical calcula-
tion. Also, there is a 1.03% difference between the Ls-Dyna

Compressive Stress (MPa)

6 s 9 10.5 12 13.5 15
Compressive Strain (%)

Figure 14. Compressive stress-compressive strain for
different mesh sizes.

() (b) © (d) (e

Figure 13. Different mesh sizes and fracture behaviors a) 0.92mm, b) 0.62mm, ¢) 0.46mm, d) 0.31mm, e) 0.21mm.

Table 7. Nomex® honeycomb strength values at different compression speeds

Speed (m/s) 0.25 0.3
Compressive strength (MPa) 1.9 1.9
Internal energy (J) 0.12 0.12

0.4

0.12

0.5 0.6 0.7 1 2 5
1.92 1.92 1.9 2.06 2.45 2.71
0.13 0.13 0.13 0.14 0.16 0.18
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model and the experimental test value. Close harmony is
observed between the result of the Ls-Dyna analysis and the
experimental result.

The experimental test, the analysis of Ls-Dyna in
the Heimbs study [21], and the Ls-Dyna analysis results
within the scope of this research are shown in Fig. 15. The
strength value of the two Ls-Dyna models is compatible
with the highest experimental compressive strength value.
On the other hand, there is a difference between the mod-
els and the experimental graphic for the plateau region.
The highest compression value was obtained using a sin-
gle-layer orthotropic approach in a finite element analysis,
but there are differences in the plateau region [10]. The
densification region of the models and the curves of the
densification regions in the experimental test are parallel
to each other.

The fracture behaviors in Ls-Dyna are shown in Fig. 16
for the different compressive strain values of the Nomex®
honeycomb during the compression test. The highest com-
pressive strength value (1.92 MPa) was found for €=1.67.
Buckling occurs in the cell walls during this compressive
strain value. Folding and crushing were observed at €=15
and other increasing values.

In order to see the effect of cell diameter and cell wall
thickness on the highest compressive strength and inter-
nal energy, a series of analyses with different values were
conducted. The results of the series of analyses are shown
in Table 9. The catalog of the company Schiitz [16] was
used for coding. In the MAT54_1/8_0.001 model, MAT54
is Nomex® material model, 1/8 cell diameter and 0.001 cell
wall thickness in inches.

Table 8. Comparison of Nomex® honeycomb models for
theoretical, experimental and Ls-Dyna

Model Type  Theoretical Experimental Ls-Dyna model
Compressive
strength (MPa) 2.39 1.94 1.92

The values obtained in Table 9 are shown in Fig. 17 in
three dimensions using Minitab program [23]. Similar to
the aluminum results, the strength decreases as the size of
the cells increases, but the strength increases as the thick-
ness of the wall increases.

MAT?26 Nomex® honeycomb model

Deformation can be reasonably estimated if the shell
element is used in the small size of the Nomex® honeycomb
model [8]. However, the shell element is not appropriate
because the calculation time was long in large-scale mod-
els. In this case, the MAT26-HONEYCOMB [31] material
model is defined for the solid elements to maintain homo-
geneity and to be resolved in a shorter time. Fig. 18 shows
the Nomex® honeycomb model in which MAT26 material
model was defined in Ls-Dyna.

For the mechanical properties of the Nomex® C1-3.2-48
honeycomb, 6 graphs must be defined in the MAT26 mate-
rial model. Experimentally obtained 3 compressive stress-
compressive strain graphs (T, W and L directions) and 3
shear stress-strain graphs (LT, WT and LW planes) were
defined [8].

Mesh size is essential in this part as well. For the LW
plane, solid elements with a size of 2 mm were used in the
model shown in Fig. 18. Only the mesh sizes of the elements

——— C1-3.2-48_Experimental [21]

ng
=

----- Heimbs_Ls-Dyna_Model [21]

¥}

= = =Current_Ls-Dyna_Model

D

N
T=ake

)

L
5 » P

e 3 > P AL e Al
£l N R G LY.
Conv wpvra st el Iy errnper?

=
3

.......
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Figure 15. Comparison of experimental and Ls-Dyna results
for the compression behavior of Nomex® honeycomb.
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Figure 16. The phases of the Nomex® honeycomb model with a mesh size of 0.46 mm during compression

a) €=0, b) €=1.67, ¢) €=15, d) €=30, e) €=45, f) €=60.
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Table 9. Analysis results of Nomex® honeycombs

Cell size (mm) Cell wall thickness (mm) Compression Strength (MPa)  Internal Energy (J) Code

3.2 0.0254 0.45 0.029 MAT54_1/8_0.001
3.2 0.0381 0.88 0.061 MAT54_1/8_0.0015
3.2 0.0508 1.4 0.100 MAT54_1/8_0.002
3.2 0.0635 2.03 0.142 MAT54_1/8_0.0025
4 0.0254 0.31 0.030 MAT54_5/32_0.001
4 0.0381 0.61 0.066 MAT54_5/32_0.0015
4 0.0508 0.98 0.108 MAT54_5/32_0.002
4 0.0635 1.42 0.157 MAT54_5/32_0.0025
4.8 0.0254 0.24 0.031 MAT54_3/16_0.001
4.8 0.0381 0.47 0.068 MAT54_3/16_0.0015
4.8 0.0508 0.76 0.115 MAT54_3/16_0.002
4.8 0.0635 1.08 0.169 MAT54_3/16_0.0025
6.4 0.0254 0.18 0.036 MAT54_1/4_0.001
6.4 0.0381 0.32 0.075 MAT54_1/4_0.0015
6.4 0.0508 0.51 0.120 MAT54_1/4_0.002
6.4 0.0635 0.69 0.179 MAT54_1/4_0.0025

0.060

0.055 Compression
o) Stress (MPa)
£ 0050 <05
2 0.5 - 10
9] 1.0 - 15
L o] L5 - 20
= 2.0 -25
E 0040 > 25
<
=

0.035

0.030

35 4.0 4.5 5.0 55 6.0
Cell Size (mm)

Figure 17. Nomex® honeycomb compressive strength
values corresponding to cell size and cell wall.

in these directions do not have much effect on the result.
However, the direction of the T is crucial for this model. As
the mesh size changes in the direction of T, the compressive
stress-compressive strain curve pattern changes and the
maximum elastic strength value changes. Different mesh
sizes were used for approximation to experimental value
(Fig. 19).

Considering the analysis results in Fig. 20, the elas-
tic compression and densification regions in all 3 models
are consistent with the experimental results. Only the 15
mm mesh size model fits the region of the plateau. As the
number of elements increases, the number of waves in the
region of the plateau increases. There is also a deviation
from experimental values.

N

Figure 18. MAT26 Nomex® honeycomb model.

(@ (b) (c)

Figure 19. Different mesh sizes a) 15mm, b) 7.5mm, c)
5mm.

As seen in Fig. 20, when the highest elastic compres-
sive strength values are compared, the model’s value with
a mesh size of 15 mm is 1.85 MPa. There is a 4.63% differ-
ence with the experimental value (1.94 MPa). Compared
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Figure 20. Compression test results of MAT26 Nomex®
honeycomb model for different element sizes.

Table 10. Compressive strength values of mesh sizes

Mesh size (mm) 15 7.5 5

Compressive strength (MPa) 1.85 1.78 1.77

with the plateau region and the maximum elastic strength,
this model is better suited than the other models. The com-
pressive strength values of different mesh sizes are shown
in Table 10.

Creating a matrix of correlation with Python/Seaborn

Bitzer derived Eq. (3) for the density of honeycomb
[1]. HD is the density of the honeycomb, © is the angle of
expansion, a and b are the sides of the hexagon. Since regu-
lar hexagons are used in applications, 6=60° and a=b are
used.

HD = [2(b + a)tp/1(b + acos0)(2asin0)] (3)

Using this expression, a comparison was made between
the Ls-Dyna analysis results for aluminum and Nomex®
honeycombs (Fig. 21). The compressive strength also
increases as the density of the aluminum and Nomex® hon-
eycomb increases. As cell diameter increases, the compres-
sive strength/density value of the honeycomb increases.

When compared in terms of compressive strength/den-
sity, Nomex® honeycombs show higher performance than
aluminum honeycombs. It is seen that as the density of the
honeycomb increases, the difference increases.

A correlation matrix was created using the Seaborn
Library [15] in the Python program to compare the com-
pressive strength/density results of the aluminum and
Nomex® honeycombs, and the correlation coefficients of
the parameters among themselves are shown in Fig. 22. In
this way, the results of many analyses that are not carried
out can be estimated by making a small number of analy-
ses. If the coeflicient is 1 according to this matrix, the linear
relationship is entirely positive. If the coeflicient is 0, there

32Al
—4 Al
— 4.8 Al
— 6.4 Al

3.2 Nmx

= = =4 Nmx

Compressive Strength (MPa)

0 20 40 60 80 100 120 140 160
Density of Honeycomb (kg/m”3)

Figure 21. Comparison of aluminum and Nomex®
honeycombs.

is no relationship between the two parameters. If the coef-
ficient is -1, there is an entirely negative linear relationship.

The parameters given in Fig. 22 listed in descending
order according to the effect size are as follows: Cell wall
thickness, cell size, and material. These parameters are
0 in the intersecting rows and columns. In other words,
the three parameters are independent of each other. Wall
thickness is the parameter that most positively affects the
compression strength. Cell size, on the other hand, affects
the compressive strength tending to decrease. Because as
the cell size increases, the compressive strength decreases.
Aluminum material is the parameter that affects the inter-
nal energy most positively. On the other hand, the effect of
Nomex” material is the lowest. The second most important
parameter affecting the internal energy is the wall thick-
ness. The material parameter is not a numeric parameter,
unlike cell size and cell wall thickness. Since the material
parameter is a verbal expression, it is categorically named
in the literature [15]. Therefore, the sign of aluminum is
positive as its effect is better than Nomex®. Also, the sign of
Nomex® is negative because the effect of Nomex® is not as
good as aluminum.

RESULTS AND DISCUSSION

This study focused on the modeling of aluminum and
Nomex® honeycombs in the finite element environment.
There is an agreement between the values of experimen-
tal, theoretical and Ls-Dyna. There is a 0.92% difference
between the MAT18 aluminum model and the experimen-
tal value for compressive strength. Additionally, there is a
1.03% difference between the MAT54 Nomex® model and
the experimental value. There is a 4.63% difference between
the MAT26 Nomex® model and the experimental value.
Since the MAT26 model has a homogeneous structure and
shortens the solution time, it can be used in larger struc-
tures, unlike the MAT54 model.
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Figure 22. Correlation matrix for parameters.

When the Nomex® honeycomb values are evaluated,
although the experimental and Ls-Dyna result graphs are
parallel at the plateau region, there is a difference between
them. This difference can be overcome by improving the
model for future studies. When the same geometries are
used as the basis, the aluminum honeycomb has a higher
compressive strength than the Nomex® honeycomb.
However, the specific strength value “compressive strength/
density” must be considered during design. According to
this ratio, the Nomex® honeycombs are stronger than the
aluminum honeycombs.

In order to understand the effect of the parameters,
a series of analyses of aluminum and Nomex® honey-
combs with different cell sizes and cell wall thickness
were performed. According to these analyses, the strength
increases as the cell wall thickness increases, and the
strength decreases as the cell size increases. The higher the
wall thickness and cell diameter, the higher the internal
energy change of the honeycomb during compression.
The energy absorption capacity of aluminum is higher
than Nomex®. The correlation matrix was created with
Python/Seaborn by using the obtained analysis results and
the impact coefficients of the parameters were examined.
According to this matrix, the parameter that most affects
the compression strength is the wall thickness, while the
parameter that most affects the internal energy is the alu-
minum material.

CONCLUSION

In this study, Ls-Dyna models of aluminum and Nomex®
honeycombs during compression fit well with experimental

08

04

0.0

and theoretical approaches. Ls-Dyna and Python/Seaborn
were used together to understand the effect of design
parameters. The main results from this study were given
below. In order to verify the Ls-Dyna models, two experi-
mental tests were examined, but 32 different Ls-Dyna
analyses were carried out. So, without having to run 30
experimental tests, the same result could be achieved. In
addition, the parameters and results of 32 Ls-Dyna analy-
ses were compared with Python/Seaborn. In this way, many
results of analysis become predictable without an additional
analysis in Ls-Dyna. In future studies, Ls-Dyna and Python/
Seaborn programs can be used together in sandwich struc-
tures where honeycombs are an element. In this way, the
effect coefficients between the parameters of the sandwich
structure are revealed. The relationship between the param-
eters is understood. Based on these coefficients, optimiza-
tion and improvement studies can be made according to the
model’s intended use.
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