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Abstract

Honeycomb materials are widely used in aircraft structures. However, these structures have disadvantages in longitudinal compression
forces. While aluminum is generally used as the face material in sandwich composites used in aircraft structures, Nomex honeycomb
or aluminum honeycomb structures are used as the core material, depending on the design. The reduced interface area between the core
and the surface layer also increases the probability of separation of the surface and core under an applied load. In this study, attention is
drawn to the combination of polymeric foam - honeycomb structure as a potential material to eliminate or minimize these disadvantages
of honeycomb core structures. In this study, polyurethane foam filled PLA (polylactic acid) honeycomb core sandwich composite with
carbon fiber faces was subjected to compression and three-point bending tests in ANSYS. The results obtained show that this new
material can be used in acrospace materials.
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Polimerik Cekirdek Malzemeler ile Uretilen Havacihk Sandvic
Kompozitlerinin ANSYS ile Basma ve U¢ Nokta Egme Analizleri

Oz

Bal petegi yapilar hava aract malzemelerinde oldukg¢a yaygin kullanim alan1 bulmaktadir. Ancak bu yapilar boylamasina basma
kuvvetlerinde dezavantajlara sahiptirler. Hava araci yapilarinda kullanilan sandvi¢ kompozitlerde genellikle yiizey malzemesi olarak
alliminyum kullanilirken ¢ekirdek malzemesi olarak tasarima gore degismekle birlikte Nomex petek ya da aliiminyum petek yapilar
kullanilmaktadir. Cekirdek ve yiizey tabakasi arasindaki azaltilmig arayliz alani, uygulanan bir yiik altinda iken yiizey ile ¢ekirdegin
ayrilma olasiligin1 da arttirmaktadir. Bu ¢alismada bal petegi ¢ekirdekli yapilarin bu dezavantajlarimi ortadan kaldirmak veya en aza
indirgemek i¢in potansiyel bir malzeme olarak polimerik kopiik — bal petegi yapt kombinasyonuna dikkat ¢ekilmektedir. Bu ¢aligmada
karbon fiber yiizeylere sahip igi poliiiretan kopiik dolgulu PLA (polylactic acid) bal petegi ¢ekirdekli sandvi¢ kompozit ANSYS'te
basma ve ii¢ nokta egme testlerine tabii tutulmustur. Elde edilen sonuglar bu yeni malzemenin havacilik yapilarinda kullanilabilecegini
gostermektedir.

Anahtar Kelimeler: Havacilik, Bal Petegi, Poliiiretan, Sandvi¢ Kompozit, ANSYS.
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Avrupa Bilim ve Teknoloji Dergisi

1. Introduction

Composite materials find an increasing use in industries
thanks to their high performance / mass ratio. Due to its
lightweight, it finds an increasing area of use especially in the
aviation industry. This high performance to mass ratio is caused
by the use of materials with certain mechanical properties such as
carbon, glass or Kevlar. In Figure 1, the material types and usage
areas of the Boeing 787 aircraft are given. As can be seen from
this graph, composite materials are finding an increasing area of
use in the aviation industry and it is seen that composite materials
are used more than other materials in the aviation industry
(Bouvet, 2017).
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Figure 1. Materials usage rates of Boeing 787 aircraft (Bouvet,
2017)

Hermann et al. (2005) stated that while designing an aircraft,
it is essential to choose materials that will lighten the structure as
much as possible without reducing the strength. However,
lightweight materials must be able to withstand loads that are the
dual combination of these loads, in addition to the tensile and
compressive loads on the structure. This requires the
reinforcement of thin surfaces. T. von Karman and P. Stock
received a first patent for a glider plane using sandwich
construction for the fuselage structure. This situation can be
considered as the first use of sandwich structures in aviation. The
development and application of sandwich structures is
progressing and has great potential in commercial aviation in the
near and medium term. As shown in Figure 2 there is a wide
variety of sandwich composite applications in AIRBUS aircraft.
These applications are; typically seen on exterior structures,
aerodynamic trims, hatches and doors. Also, throughout the
AIRBUS fleet, there are various control surfaces made of
sandwich composites (e.g. flight control surfaces such as rudder,
aileron, spoiler). Since aircraft are exposed to very different
environmental conditions, sandwich structures need different
requirements.
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Figure 2. Sandwich composite applications on Airbus A380
aircraft (Hermann et al., 2005)
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During the flight, the external structures of the aircraft are
exposed to different operating temperatures and aerodynamic
loads arising from the flight. Radomes and leading-edge coatings
are subject to impacts from bird strikes and abrasion from hail,
lightning strikes, rain and dust. Also, electromagnetic wave
transmittance is required for radar and avionic devices. Foreign
body damage (FOD) caused by runway contamination poses a
threat to surfaces in the lower part of the aircraft. These situations
reveal various requirements (operational and environmental
requirements) for sandwich composite structures to be used in
different regions. Various combinations of sandwich composites
can be found to meet such different needs in aircraft structures.
Figure 3 shows the components that make up the sandwich
composite. Common surface materials for sandwich composites
are carbon fiber reinforced prepregs with glass fiber and epoxy
resin matrix. The dominant core material for sandwich composites
is NOMEX® honeycomb (Hermann et al., 2005). Toozandehjani
et al. (2018) stated that the most widely used types of structural
composites in the aerospace industry are layered composites and
sandwich composite structures. Since sandwich composites are in
the structural composite class, they are used in beams and panels
that require high rigidity and strength. The outer layers of the
sandwich composite are manufactured from a relatively hard and
durable material (i.e. aluminum alloys, fiber-reinforced plastics,
titanium, steel or plywood). Since the outer layers meet the load
on the sandwich composite, they must be strong enough to meet
the tensile and compression loads caused by the load. Therefore,
the outer layers must be sufficiently rigid and thick. The core
material should be light and have a low modulus of elasticity.

Face Material
Adhesive

Core Material

Adhesive

+ Face Material

Figure 3. Components that make up the sandwich composite

Core materials typically categorized three subcategories. (1)
Rigid polymeric foams (ie phenolics, epoxy, polyurethanes), (2)
wood (i.e. balsa wood), and (3) honeycomb structures.
Structurally, the core serves a variety of functions. The most basic
function of the core material is to support the face materials. The
core material must have sufficient shear strength and in addition
be thick enough to provide high shear stiffness. Since the outer
layers meet the main load on the structure, the tensile and
compression loads on the core material are less than faces
(Callister and Rethwisch, 2010). Xiong et al. (2019) stated that
the core materials in sandwich composites should be both light
and able to withstand the loads on them. Common configurations
of lightweight cores include corrugated cores, honeycombs,
foldcores, foam cores, and lattice cores. The manufacturing and
maintenance challenges of traditional honeycomb core material
with a higher surface area can be overcome by using polymeric
foam cores. While the lower and upper layers of sandwich
composite structures have a high strength but a thin structure, the
core part has a lower strength compared to the layers and a high
ability to absorb energy. Sandwich structures with honeycomb
cores are preferred in order to absorb energy, especially in regions
where high mechanical behaviour is expected under impact loads.
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Honeycomb core sandwich composites are structures that show
high strength under impact and compression loads. In order to
structures with honeycomb core geometry to be preferred in
applications, their mechanical properties should be known. In
order to detect these properties, their properties can be determined
in various ways such as impact test, bending test and compression
test. It is known that composite materials with honeycomb core
have high strength depending on the applied load in the surface
impact tests and compression tests (Liu et al., 2019). Considering
the sandwich composite structure with honeycomb core,
delamination can easily occur in the structure since the
honeycomb structure can only be adhered from the cell wall
region seen in Figure 4. In order to improve the honeycomb
structure, the following four items should be selected effectively
(Zhang et al., 2015);

e  Cell wall material
e  Cell wall thickness
e Cellsize

e  Cell porosity.

Cell Wall

Figure 4. Representation of cell wall in honeycomb structure

However, due to the small amount of confining space
between the honeycomb core materials and the surface layers, the
honeycombs have strength limitations. The only way to increase
the confining surface area is to increase the cell wall thickness. In
addition, with the increase of the cell wall thickness, the weight
of the structure may increase, which is an undesirable situation
that contradicts the purpose of maintaining high strength and low
weight of composite materials (Zhang et al., 2015). In addition,
since the honeycomb structure is hollow, interfacial hardening
methodologies are not suitable throughout the overall thickness.
However, the foam-filled honeycomb core structure is suitable for
this process. In addition, the foam-filled honeycomb core resists
the load without premature bending or breaking under load. In
contrast to hollow honeycomb cores, the foam core exhibits
improved resistance to delamination and separation of interfacial
bonds, due to an additional adhesive area of foam-filled
honeycomb cells. Filling the honeycomb structure with foam
improves the compression performance as well as the impact
resistance of the sandwich structures. (Jayaram et al., 2019).
Polymeric foam cores, due to the nature of the polymeric foam,
destroy the moisture absorption capacity and layer separation of
the surface layers. Thus, it can be ensured that these structures
remain durable in humid environments and withstand loads and
stresses. Polymeric foams provide low weight, ease of production,
low production and maintenance costs, and most importantly, in
addition to all these conveniences, they provide better mechanical
strength (AZOM Materials, 2014). Sandwich composites used in
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aircraft structures generally use aluminum as the face material and
Nomex honeycomb or aluminum honeycomb structures as the
core material, depending on the design. Honeycomb is attractive
both for its high compressive strength and light weight and has a
hollow structure as shown in Figure 2. However, honeycombs
have some disadvantages when used for structural components of
aircraft. When a crack starts in the honeycomb core sandwich
composite, this crack can easily lead to a potential ingress of water
into the open cell structure. Given the temperature variation an
aircraft undergoes during operation, the evaporation and freezing
of this water within the voids can result in internal damage to the
sandwich composite that reduces service time for the structure
(Caglayan et al., 2019). In addition, the reduced interface area
between the core and the surface layer increases the probability of
separation of the surface and core when under an applied load. To
overcome these disadvantages of honeycomb core structures,
attention is drawn to polymeric foams as a potential material to
minimize moisture absorption and separation. Polymeric foams
are gaining increasing attention in both the scientific and
industrial communities due to the advantages of lightness, rigidity
and also multifunctionality (Caglayan et al., 2019; Lee et al.,
2005).

Polyurethane foams are formed by the reaction of polyol and
isocyanate components. The use of polyol and isocyanate
components in different proportions during the production of the
foam provides foams with different properties. The soft segment
(polyol) retains the elastomeric properties, while the hard segment
(isocyanate) controls the stiffness and toughness properties
(Rahman et al., 2019). One of the important monomers of PU is
the commercially available polyol and can also be synthesized in
laboratories by different techniques. The most commonly used
polyols are known as polyether polyol and polyester polyol It is
common to use mixed polyols of different molecular weights and
ratios to meet specific properties depending on the area in which
the foam will be used. Different crosslinkers, additives and
nanoparticles may also be included during PU synthesis.
Depending on the application site, surfactants, blowing agents and
pigments are also mixed into the PU (Rahman et al., 2019).
Polymer foams have the advantage of adapting mechanical
properties and adding versatility to their structure. In this way, it
becomes attractive for various applications from insulation
materials used in buildings to structural components of aircraft.
Given these reinforcement pathways, sandwich composites using
polymer foam as the core material can perform a variety of tasks,
such as acoustic damping, a structural member against bending or
impact, or a structure for electromagnetic interference (EMI)
shielding (Caglayan et al., 2019).

In this study, hollow and foam-filled honeycomb core
structures analyzes will be carried out, in which the disadvantages
are eliminated by using these two materials together, as opposed
to using only honeycomb core structure or using only polymeric
foams in the literature. In this study, compression and three-point
bending test’ finite element analyses (FEA) were performed on
ANSYS using a polyurethane foam filled PLA (polylactic acid)
honeycomb core. The analysis results obtained were evaluated in
terms of aerospace materials, and the potential for use in
aerospace of this core structure, which consists entirely of
polymeric materials, was interpreted.
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2. Material and Method

As mentioned before, polyurethane foams are formed by the
reaction of polyol and isocyanate components. The properties of
polyurethane foam in the 'Granta Design Sample Materials'
library in the ANSYS 2020 R1 program are given in Table 1. The
properties of PLA (polylactic acid) in the 'Granta Design Sample
Materials' library in the ANSYS 2020 R1 program are given in
Table 2.

Table 1. Properties of polyurethane foam in ANSYS 2020 R1

Properties Value and Unit
Density 192 kg/m’
Young’s Modulus 6,61E+07 Pa
Poisson’s Ratio 0,316

Bulk Modulus 5,9873E+07 Pa
Shear Modulus 2,5114E+07 Pa
Tensile Yield Strength 1,09E+06 Pa
Tensile Ultimate Strength 2,19E+06 Pa

Table 2. Properties of PLA (polylactic acid) in ANSYS 2020 R1

Properties Value and Unit
Density 1250 kg/m?
Young’s Modulus 3,45E+09 Pa
Poisson’s Ratio 0,39

Bulk Modulus 5,2273E+09 Pa
Shear Modulus 1,241E+09 Pa
Tensile Yield Strength 5,41E+07 Pa
Tensile Ultimate Strength 5,92E+07 Pa

Geometric features of the honeycomb core structure drawn in
CATIA VS5 for finite element analysis are given in Figure 5 and 6.
Figure 5 shows the geometric properties of the edge length and
cell wall thickness of a hexagonal structure (of a cell).
Accordingly, while one side of the hexagonal structure is 13 mm,
the cell wall thickness is designed as 3 mm.

\

13m

hY

Figure 5. Dimensions of the hexagonal structure

As shown in Figure 6, the dimensions of the honeycomb core
used in the analyzes were determined as 220 x 150 x 50 mm.
Carbon fiber faces have been added to the bottom and top faces
of the foam filled honeycomb core in the ANSYS ACP module.
The same process was applied to the hollow honeycomb core in
the ANSYS ACP module.
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The produced sandwich composites are shown in Figure 7.
The mass values obtained from ANSYS for the produced
sandwich composites are given in Table 3.

OO0

\_/
@

Figure 6. Dimensions of the honeycomb structure

(a)

®)

Figure 7. Sandwich composites produced in ANSYS (a) hollow
honeycomb core, (b) foam filled honeycomb core

Table 3. Mass values of analysis materials

Material Mass
Carbon fiber faces + PLA honeycomb 0,98615 kg
core

Carbon fiber faces + Polyurethane foam 1,5073 kg

filled honeycomb core
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2.1. Analysis Settings

Analyzes on ANSYS were performed separately for
sandwich composite with hollow PLA honeycomb structure and
for sandwich composite with polymeric foam filled PLA
honeycomb core. As mentioned before, compression and three-
point bending tests were performed. Flatwise and edgewise
compression tests were carried out for the compression test. In
this section, the boundary conditions determined for the analysis
are shown. Boundary conditions are only shown for the sandwich
composite with a hollow honeycomb core. Analyzes were carried
out using the same boundary conditions for the sandwich
composite with a foam filled honeycomb core.

Figure 8 shows the surfaces on which the forces are applied
during the compression tests and the fixed supports. Figure 9
shows the boundary conditions for the three-point bending test.

A Force

Bl Fixed Support

(@)

Figure 8. Surfaces where forces are applied in compression
analysis and fixed supports (a) flatwise compression, (b) edgewise
compression

Type: Total Deformation
Unit: mm

0,77228 Max
| 068647

0.60086

051486

042905
F 034324
025743

017162
I 0.085809

0 Min

(2)

z Displacement
. Fixed Support

(a) (b)

Figure 9. Three-point bending test set-up (a) bending surfaces (b)
fixed support surfaces and displacement vector

The force values for compression tests are up to 125 kN. In
the three-point bending test, the displacement value is up to 15
mm.

3. Results and Discussion

3.1. Flatwise Compression Test Results

The total deformation values obtained after the flatwise
compression test are shown in Figure 10. According to these
values, a maximum total deformation of 0,77228 mm occurred in
the hollow honeycomb structure, while a maximum total
deformation of 0,6885 mm occurred in the polyurethane foam
filled honeycomb structure. Figure 11 shows the equivalent (von-
Mises) stress values after the flat compression test. In the light of
these values, a maximum equivalent stress value of 931,54 MPa
was observed in the hollow honeycomb structure, while a
maximum equivalent stress value of 675,98 MPa was obtained in
the foam-filled honeycomb structure. Figure 12 shows the
equivalent elastic strain values after the flat compression test. In
the scope of these values, a maximum elastic strain value of
0,031436 was observed in the hollow honeycomb structure, while
a maximum elastic strain value of 0,09071 was obtained in the
foam-filled honeycomb structure. Yan et al. filled the 3D printed
honeycomb core with insulation foam (polymethacrylimide -
PMI) and examined their mechanical behaviour. Although the
compressive strength of the foam filled honeycomb structure
increased by 23.5% in flatwise compression test, there was not
much change in the elastic modulus and energy absorption ability.
The foam filling did not make a huge difference in flatwise
compression, but it was quite effective in edgewise compression
strength (Yan et al., 2020).

Type: Total Deformation
Unit: mm

0,6885 Max
0612
0,5355
0459
0,3825

| 0,306

i 02295
0,153
0,0765
0 Min

(b)

Figure 10. Flatwise compression test total deformation results (a) hollow honeycomb (b) foam filled honeycomb
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Type: Equivalent (von-Mises) Stress
Unit: MPa
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Type: Equivalent {von-Mises} Stress
Unit: MPa
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Figure 11. Flatwise compression test equivalent stress results (a) hollow honeycomb (b) foam filled honeycomb

Type: Equivalent Elastic Strain
Unit: mm/mm
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Figure 12. Flatwise compression test equivalent elastic strain results (a) hollow honeycomb (b) foam filled honeycomb

3.2. Edgewise Compression Test Results

The total deformation values obtained after the flatwise
compression test are shown in Figure 13. According to these
values, a maximum total deformation of 16,101 mm occurred in
the hollow honeycomb structure, while a maximum deformation
of 4,1001 mm occurred in the polyurethane foam filled
honeycomb structure. Figure 14 shows the equivalent (von-
Mises) stress values after the flatwise compression test. In the
light of these values, a maximum equivalent stress value of 8465,8
MPa was observed in the hollow honeycomb structure, while a
maximum equivalent stress value of 1760,2 MPa was obtained in
the foam-filled honeycomb structure. Figure 15 shows the

e-ISSN: 2148-2683

equivalent elastic strain values after the flatwise compression test.
In the scope of these values, a maximum elastic strain value of
0,38855 was observed in the hollow honeycomb structure, while
a maximum elastic strain value of 0,51463 was obtained in the
foam-filled honeycomb structure. Yan et al. in the edgewise
compression tests they applied to the 3D printed honeycomb
structure filled with insulation foam, they observed quite good
improvements in mechanical strength. According to the results
they obtained, they observed an improvement of 306.5% in the
longitudinal compression direction (L-direction) and 410.5% in
the transverse (W-direction) compression direction (Yan et al.,
2020).
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Type: Total Deformation Type: Total Deformation

Unit: mm Unit: mm
16,101 Max 4,1001 Max
14312 36445
12,523 3,189
10,734 27334

| 89453 22778

‘ 7,1562 18223
53672 1,3667
35781 091113
1,7891 045556
0 Min 0 Min

(a) (b)
Figure 13. Edgewise compression test total deformation results (a) hollow honeycomb (b) foam filled honeycomb

Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress

Unit: MPa Unit: MPa
8465,8 Max . 1760.2 Max
7525,2 1564,7
6584,5 1369,1
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4703,2 977,93
3762,6 782,36
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940,7 I 195,63
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Figure 14. Edgewise compression test equivalent stress results (a) hollow honeycomb (b) foam filled honeycomb

Type: Equivalent Elastic Strain
Unit: mm/mm
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Type: Equivalent Elastic Strain
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Figure 15. Edgewise compression test equivalent elastic strain results (a) hollow honeycomb (b) foam filled honeycomb
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3.3. Three-Point Bending Test Results

The total deformation values obtained after the three-point
bending test are shown in Figure 16. According to these values, a
maximum total deformation of 15,988 mm occurred in the hollow
honeycomb structure, while a maximum total deformation of
15,245 mm occurred in the polyurethane foam filled honeycomb
structure. Figure 17 shows the equivalent (von-Mises) stress
values after the three-point bending test. In the light of these
values, a maximum equivalent stress value of 8695,5 MPa was
observed in the hollow honeycomb structure, while a maximum
equivalent stress value of 10460 MPa was obtained in the foam-

Type: Total Deformation
Unit: mm
15,988 Max
14,212
12435
10,659
85,8823
7,1058
53294
35529
17765
0 Min

Type: Total Deformation
Unit: mm
15,245 Max
13,551
1,85/
10,163
84694
67755
50816
33877
16939
0 Min

filled honeycomb structure. Figure 18 shows the equivalent elastic
strain values after three-point bending test. In the scope of these
values, a maximum elastic strain value of 0,47169 was observed
in the hollow honeycomb structure, while a maximum elastic
strain value of 0,11888 was obtained in the foam-filled
honeycomb structure. In a study in the literature, bending tests
were carried out using two different core materials (nomex core,
3D printed core) whose face materials are glass epoxy. According
to the results, the 3D printed core showed more resistance to the
load than the nomex core. The 3D printed core was able to
withstand a peak load of 2266.60 N (Pirouzfar and Zeinedini,
2021).

Figure 16.Three-point bending test total deformation results (a) hollow honeycomb (b) foam filled honeycomb

Type: Equivalent (von-Mises) Stress
Unit: MPa

8695,5 Max
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6763,2
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Type: Equivalent {von-Mises) Stress.
Unit: MPa
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g
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(b)

Figure 17. Three-point bending test equivalent stress results (a) hollow honeycomb (b) foam filled honeycomb
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Type: Equivalent Elastic Strain
Unit mm/mm

0,47169 Max
041928
036687
0.31446
0,26205
0,20964
015723
0,10482
0,05241

0 Min

(a)

Type: Equivalent Elastic Strain
Unit: mm/mm

0,011888 Max
0010567
0.0092462
0,0079253
0.0066044
0,0052835
0.0039627
0,0026418
00013209
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(b)

Figure 18. Three-point bending test equivalent elastic strain results (a) hollow honeycomb (b) foam filled honeycomb

4. Conclusions and Recommendations

When the results obtained within the scope of the analyzes
are examined, the polyurethane foam filling significantly
increased the mechanical strength. Although there was not a big
difference in the total maximum deformation in the flatwise
compression test, a 4 times visible difference was observed in the
maximum total deformation in the edgewise compression test.
This made the honeycomb structures of the foam filling more
resistant to edgewise compression forces. Likewise, there is not
much difference between the equivalent stress and equivalent
strain values in the flatwise compression tests. However,
significant differences were observed in the equivalent stress and
equivalent strain values obtained in the edgewise compression
test.

Since the foam filling is more effective in edgewise
compression forces, when the results of the three-point bending
test are examined, there is no significant difference in the total
amount of deformation, but a significant difference is observed in
the maximum equivalent stress and equivalent strain amounts.
When the maximum equivalent stress values are examined, more
stress has occurred in the polyurethane foam filled structure,
unlike the compression test results. However, when the maximum
equivalent strain amount is examined, it is seen that it is smaller
despite the more stress that occurs. This is due to the effects of
compressive force and tensile force occurring in the three-point
bending test. Therefore, it is seen that the sandwich composite
with polyurethane foam filled core is more successful in the three-
point bending test. Foam filling has only one disadvantage, which
is the relative increase in weight. As can be seen in Table 3, an
increase of approximately 52% occurred in weight. Open cell
(flexible) polyurethane foams can be used to reduce the weight
increase effect. The proposed material can be used in aircraft
fuselage structures, cabin floor structures, wings and flight control
surfaces. The proposed material can be used as wing construction
material in aircraft (i.e. commercial aircraft, fighter aircraft, and
unmanned aircraft), especially since the wing roots are subjected
to intense compression load.
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