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Abstract

The development of ultra-light weight cores appliedandwich structures, as the 3-dimensional ¢arbo
fiber reinforced polymer cores (CFRP), have theeptél to reduce the structural mass of the upcgmin
vehicles used in the transportation and aerospadesiry, increasing capabilities, performance and
reducing fuel consumption. In this work, carbonefittores are obtained using a interlocking method
from flat composite laminates. The mechanical perémces such as the compressive and shear strength
of three different geometries’ cores are evaluakedthermore, failure modes are studied. Resulis ar
compared to those predicted by an analytical maahel finite element method analysis (FEM). The
research given provides useful insights on new waysbtain 3D sandwich cores with very low density,
for designers and future investigations.

1. Introduction

Lightweight construction is one of the most effitievay to improve performance of many vehicles or
means of transport. The weight reduction is dekarab obtain the maximum payload capability, to
increase the speed enhancing the driving perforenangust to reduce the fuel consumption [1]. Thus,
the demand for high stiffness and high strengthé@ht ratios in structural design has been pogeithdo
automotive and aerospace since many years agotdilneir great versatility, sandwich structures has
been established as a validate candidate in ministamctural weight design. See [2] and [3]. Santwic
panels consist of two stiff skins, separated byghtiveight core. The core thickness will define the
moment of inertia of the entire panel, giving aficént structure for resisting bending and buaflin
loads, with little increase in weight [4]. The nefed lightweight cores has stimulated the produciod
different polymeric and metallic foams [5]. Honeyabs are often applied for cores where a higher
stiffness is required [2].

Recently, new concepts of honeycombs have emeFgednstance, the one proposed by Tochukwu G. et
al. [6] where a hybrid CFRP pyramidal lattice/foaore structure is assembled and studied. Alsaréail
mode maps of CFRP egg and pyramidal honeycomb eoedseen studied by Xiong et al. [7]. Russell et
al. [8] has manufactured and tested CFRP squareycomb aiming to fulfill the gap in the
strength/density material property space, previogiien by Ashby and Bréchet [9] on the material
properties’ chart. Therefore, exists an increasitgrest in ultra-light cores for weight sensitsteuctures
[10]. These cores are focused as lower mass ditegado traditional honeycombs or foams in comigosi
sandwich panels.
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The aim of this work is to develop and study thenpressive and shear behavior of three different
geometries for ultralight-weight cores designs vatliensity lower than 48 kginproposed as a true
alternative for traditional honeycomb cores. Arerfacking method also known as slotting method, for
fabricating carbon fiber honeycomb cores is progdse this project (Fig. 1b). This method has been
mainly used to manufacture square honeycomb atrleest compared to hot press and laser cutting
techniques.

2. Materials and Methods

Square-honeycombs cores were obtained from a ClERpasite sheet material. The laminate was cut
employing a CNC water-jet cutting machine (Fig..1l8he cores were manufactured by slotting the
composite sheets and bonding with epoxy resinderoto obtain the assembly. The interlocking method
(Fig. 1b) applied for this work follows the one yimusly proposed by C6té et al. [11] where type 304
steel is employed for manufacturing metallic squayeeycomb cores.

(]
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Figure 1. (a) Sketch of the cutting method employed for abij the proposed geometries. (b) Sketch of the
square-honeycomb manufacturing method

2.1 Materials

CFRP composite laminate was obtained by Vacuum sfessi Resin Transfer Molding (VARTM)
technique. The composite sheets were made from PRB0O0-3k, Hexcel fibers with a 3-ply [0°, 90°] lay
up, with filament diameter of fm, density of 1.75 g ct) 230 GPa of tensile modulus and 3530 MPa of
tensile strength. The polymeric matrix employed wa3GEBA (DER 383, Dow Chemicals) having an
epoxy equivalent of about 183 gegnd a viscosity of 9000—-10,500 n#at 25 °C. For decreasing the
viscosity of the resin it was used glycidyl aliphatther (Novarchem S.A.) as an epoxy reactiveediiu
having an equivalent of about 255 g'eés hardener cycloaliphatic amine was employed Pxoducts
and Chemicals Inc.) having an amine equivalenbofia63 g eg.

2.2 Manufacturing

The manufacturing process consisted in obtainiegQRRP composite laminate on a first step, and then
cutting it by a CNC water-jet cutting machine (Fl@). Three different core patterns were investidat

2.2.1 CFRP composite sheet material

CFRP sheet material was obtained by VARTM techniduree resin was injected into the 3-ply lay-up
assembly at room temperature by VARTM. The systeas wured at 393K for 2 hours in an air-
circulating oven.

The obtained laminate had an average thickness @65 + 0.05mm and a density of about 1300Rgm
The reached fiber volume content was in the ram@® a&1%.
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2.2.2 Honeycomb cores

The composite sheets were cut into rectanglesightiel = 25.4mm, a length of 200mm and 200mm for
compressive and shear tests respectively. Fongutiie CFRP material sheets it was employed a CNC
water-jet cutting machine (Fig. 1a). The rectanglese shaped into 3 different geometries (Fig. &)
another one remained without shaping and were asaéference (Fig. 2b). Cross-slotst af 0.65mm
and spacing. = 20mm were obtained. The gap between sheet #sskiand slot width was about
0.05mm. This clearance facilitated core assemblily insquare-honeycomb pattern and also provided a
suitable tight fit to improve stability. The croskts rectangles were bonded together using the sam
polymeric matrix used before. The nominal dimensiohthe cores for compressive test were 100mm in
length by 100mm in width and a height of 25.4mng(FR), containing an array of 5x5 of 20mm cells
(Fig. 3). The resulting density of each core wass I¢han 48kgim Shear samples used the same
geometries as used for compressive loading, debpieng dimensions 200mm in length, 100mm in
width and 25.4mm in height.

20mm

Figure 2. Different geometries employed for square-honeycoores. (a) Proposed geometries. (b)
Reference core.

254
20.4

Figure 3. Sketches of unit cells of three different squaradygombs designs. (a) Design 1: Large
catenaries. (b) Design 2: Small catenaries. (c)ddex Two linear arrays of rectangles.

2.2.3 Square — honeycomb cores design
The obtained square-honeycomb cores can be asseaddhg unit cells of 20 by 20 mm, according three

different designs (Fig. 2a and FR). For reference cores it was used unit cells0abp 50 mm (Fig. 2b)
while maintaining core densities lower than 48 Kgtdnit cells are symmetrical according to orthotcop
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reference axes (Fig. 3). This characteristic hasymachnological advantages such as an easier core
design and manufacture.

3. Theoretical background

The core of a honeycomb structure firstly workspacer between the two face sheets. While fuldllin
this task, it has to transfer mainly shear and gesgon loads. As the lightweight core consistthof-
walled plates, stability phenomena probably arertta@n cause of failure. In the following analytical
investigations, the unit cells shown in Figure 8 eonsidered as bars with axis 3 as bar axis.

3.1 Compression response.

In this work, the expected compressive failure gfiage-honeycomb is torsional buckling. Under
compressive loading, the axis of the bar remaireagstt, while each flange buckles by turning about
axis. Honeycomb columns are considered as barsuaifarm section with four identical flanges of
thickness t = 0.65mm and a width of 0.5 L. We hemesidered that cores were made from an orthotropic
composite material for the analyses. The formula uTimoshenko [12] was used to evaluate torsional
buckling. In this case, shear center coincides withcentroid (Figure 3) and applying appropriatd e
conditions satisfied by sinusoidal solutions sifiigdi equations are shown (Eq. 1, Eq. 2 and Eq. 3).

T2Es, 1

Pe=—7— (1)
m?Es; Iy,

A m?

WhereP, andP, are critical loads due to Euler buckling behavadrout x and y axes, respectively and
P, denotes the critical load for torsional buckli@pefficientC, = EC,is calledwarping rigidity, where
E is the elastic modulus of the column material @yds called the warping constant. See [12].is
equal to zero for cruciform cross sectiohsis the polar moment of inertia of the cross sectbout
shear center [0; 0; 0], coinciding in this casehwiite centroid. Coefficier€ = GJ is called the torsional
rigidity, whereG is the shear modulus add torsion constant. For open-walled sectidndepends on
1/3 the wall thickness to the third exponent tirties flange width, multiplied by the number of flasg
CoefficientA is the cross-sectional area athés the height of the column.
Due to the involved geometries under uniformly cossged loading, elastic buckling of rectangular
plates shall also appear. The formula presentddriciksen [13] was used for evaluating elastic binckl
of plates (Eq. 4):
Kn?D
Po =" (@)

Equation 4 represents the buckling load of thinamgular plates. Coefficiet (Eq. 6) depends on the
ratio H/L according to boundary conditions. Codéit K lies in the range 22.2 to 3.29 for H/L ratio in
the range of 0.2 to 3 for simply supported edgdslenK lies in the range 9.44 to 7 for H/L ratict@o

0.7 for bottom and top edges built in and the fe=t. CoefficientD is the represents the bending
stiffness of the thin composite cell wall and ipdads on the thicknegsPoisson’s ratio and the Young's
modulusE according to 1 and 3 directions plotted in Figliae Stiffnes® shall be written as Eq. (5) for
orthotropic composite materials. See [8] and [CHefficienta in equation 7 depends on shear modulus
G, Poisson’s ratio and Young's modulus of the coritpos

/ 3
D= E15E3S t (5)
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3.2 Shear response.

Analytical expressions for the shear failure loadsl shear elastic modulus of the cores were olgtaine
analyzing the behavior of a single strut of theasgthoneycomb, neglecting the contribution of tak ¢
walls in the plane normal to the loading vectolg. B shows a diagram of a strut loaded in a costbin
bending and shear mode. The strut is loaded wéthear forcé= and the total displacemewtis the sum

of the bending deformations and shear deformatiom, according to Eq. 8. Coefficiedt is equal toA/k
ratio, whereA is the cross-section area akda shear correction factor that takes the valuefdr2
rectangular shape struts. Then the failure IBads obtained from EQ.8, when the displacemenis
maximum according to the nominal laminate sheangith.

FRH? FqH
WEWbTWs = 3 17 Ga, ®)
A v Ey
=]
b

77/

Figure 4. Sketch of core design 1 displacement due to a auatibn of bending and shear mode
4. FE modeling

Software FEMAP™ 10.3 with NX™ Nastran® [14] was dayed for finite element analyses. The
proposed cores under compressive and shear loadirgmodeled as a single and a two-material system
respectively. FEM analyses combined with analytwakulations were used for predicting the elastic
modulus in compression and shear modes.

Compressive tests were modeled using a singlecehifor each core case. Simulations were performed
using the three different geometries of cores presly shown (Fig. 2a) and the reference core withou
shaping (Fig.2b). Unit cells were discretized ushegular mesh of shell elements (S4R) with five
integration points and a size of about 0.4 mm,es@nting in full detail the geometry of the studtedes.
The employed elastic properties of core walls (CRR&et material) are specified in Table 1 accortting
Figure 3 coordinate system and considering therlataias an orthotropic material.

Shear tests were modeled considering a two-matsystem. The performed simulation includes shell
elements (S4R) for the composite sheet materi@l@d mm in thickness, while bar elements (T1D2) for
the bottom and top line nodes of the sheet matesiraulating steel plates according to the reahshest
setup. The material properties used for the thire agalls are shown in Table 1, while the applied
material for bar elements was such as an AISI BHi4€l plate.

Table 1.Theoretical elastic properties of the laminate cosite material made from T300/epoxy

Eis Ess Gsis V3is F Omax Tmax
(GPa) (GPa) (GPa) (%) (MPa) (MPa)
T300/Epoxy 0/90° 60.5 60.5 3.4 0.0366 50.8 680 110
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5. Test, results and discussion
5.1 Testing

Compressive properties of stabilized CF ultraligieight composite cores were tested in accordantte wi
ASTM Standard C365 — 03. The honeycomb core shempepties were obtained following ASTM
Standard C273 -00. Compressive and shear testspeei@med on a Zwick/Roell Z150 screw-driven
universal testing machine.

5.2 Compressive response

Figures 6a and 6b represents the compressive p&esh performed according to ASTM standard C365-
03. The failure behavior resembled torsional bunckin each designed cores, but elastic bucklinthef
thin plates on reference cores. With an increaksiad, the elastic instability arises at 23.7kN4R®l and
26kN for design 1, 2 and 3 respectively. Desigrh8wed the best compressive strength performance
compared with the other designed cores (Fig. 5b)

The predicted Young's modulus and failure load frimaoretical and FEM analyses are substantially
higher than the measurements, due to imperfectionke manufacturing of the composite square-
honeycombs (Table 2). Furthermore, design 2 predettite largest failure discrepancy. This could be
attributed to Euler buckling behavior of the smadlumns that triggers premature torsional buckling
behavior of the cross-shape columns. In additiongkling behavior and imperfections reduced
dramatically the Young’s modulus comparing predigteoperties.

Figure 6¢ shows the numerical results of core aetigThe render represents the elastic instalwfits
cross-shape column and its behavior in a 50 by 5@mitcell. Comparing Figures 6b and 6c, it can be
seen that the numerical results behavior fits dithperformed test.

The compressive stress and strain response ofjtfegeshoneycomb cores can be seen on Fig. 5a.

Table 2.Experimental, analytical and FEM results from coegsion loading test

p Frax Gcomp Ecomp I:theory Frem Epredicted
kginP) (kN) (MPa) (MPa) (kN)  (kN)  (MPa)
Reference  35.46 21.74 2.17 536 27.2 25.3 1500
Design 1 46.73 23.7 2.37 615 31.2 32.5 1590
Design 2 46.44 22.4 2.24 560 38.5 39.7 1900

Design 3 46.61 26 2.6 930 32.7 37.5 1390
I Experimental
@ 3,0 El 5,0 EZZ4 Analytical

Ref(_erence cores FEM
Design 1 cores 4,5

2,5 Design 2 cores 0
Design 3 cores 7

20 35 7§ N
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Figure 5. (a) Measured compressive stress versus strain respbtisetested corg®) Maximum
compressive stresses according to analytical, FEd/experimental data
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Test images Numerical results

Cross-shape columns
before buckling

Torsional buckling behavior

Figure 6.Images of compressive loading behavior accordirgpte design 1. (a) Core sample between
compression plates on loading. (b) Core samplaralby torsional buckling behavior.
(c) FEM unit cell renders under loading showingsitmnal buckling behavior.

5.3 Shear response

Table 3 summarizes the honeycomb shear responsedanag to tested cores, including densipy, (
failure load Fma), maximum mean shear stregsgnd resulting elastic modulu§); Also analytical and
FEM predictions are given. Experimental data hasdgagreement with the analytical and FEM results.
Reference cores showed a premature failure dueltondling from the shearing plates, since the bgndin
area is dramatically reduced by the thin-walled posite sheets and the lower number of stripes.r€igu
7a shows the shear response of loaded square-lwnkyores. The predicted behavior of the cores Fig.
7b by numerical results fits quite well with thepeximental images.

Table 3.Experimental, analytical and FEM results from sHeading test

p Frax Tmax Grax I:theory Frem Gpredicted
kginP) (kN) (MPa) (MPa) (kN)  (kN)  (MPa)
Reference  34.8 8.9* 0.445 55.6 24.1 27 42.6
Design 1 47.24 10.1 0.505 54.2 12.6 16.4 49.6
Design 2 46.09 6.74 0.337 19.75 7.5 10 23

Design3  46.04 9.4 0.47 30.7 11.8 16.1 31.9
*Premature failure by debonding

Test images Numerical results

\(\/\(\ ) f

l\)\‘ )\\

Figure 7.(a) Images of shear loading behavior accordingte design 1. (b) FEM composite sheet
render under shear loading.
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6. Concluding remarks

Three different geometries of square-honeycombscaere manufactured with a density below 48Rgm
The compression and shear response of each coeeenvaluated and compared with low weight core
taken as reference. Analytical and numerical modadse developed and compared with experimental
models. A good correspondence with the numeridalegawas obtained.

The experimental results were substantially loviantpredicted strength and stiffness. The diffezenc
between these values can be attributed to impesfecin the manufacturing process of the main laitein
composite material and the honeycomb cores. Theebtgcompressive properties were exhibited due to
core design 3 while the highest shear properties sleowed by core design 1.

The reported manufacturing, measurement and piealicprovide a first step for developing new cores
for lightweight design. The current design of tleres according to shear elastic moduusould be
improved employing other ways for fiber orientaggulies such as a *+ 45°, enhancing the shear medulu
of the core laminate.
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