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ABSTRACT

This paper outlines a finite element procedurepi@dicting the mechanical behaviour under
bending of sandwich panels consisting of alumingkins and aluminium honeycomb core.
To achieve a rapid and accurate stress analysssahdwich panels have been modelled
using shell elements for the skins and the core dffiects of expanding orientation angle,
wall thickness, edge length ratio and honeycomb sieé on the mechanical properties of
honeycombs were studied. Sandwich panels were teddbly a three-dimensional finite
element model implemented in Abaqus/Standard. Bg thodel the influence of the
components on the behaviour of the sandwich pandkemubending load was evaluated.
Numerical characterization of the sandwich strustis confronted to both experimental and
homogenization technique results.
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INTRODUCTION

The use of sandwich composite structures in aetmsaand astronautics engineering is

increasing. Sandwich structures have long beengrezed as one of the most weight-

efficient plate or shell constructions for resigtibending loads. The aerospace industry, with
its many bending stiffness dominated structuresd, iseineed for low weight, has employed

sandwich constructions using aluminum honeycomk<extensively (Palazotto, 2000). The

metal honeycombs are frequently used as core ratdar sandwich structures, in various

engineering applications, because of their highngfth-to-weight ratio.

The characterization of mechanical properties atigach structures poses special challenges
due to their heterogeneity and considerable midmatcoroperties between core and face
sheet (Ravichandran, 2012). The need to an efficiamerical modeling for predicting the
mechanical behavior of the sandwich structuredilisas open area of research. Extensive
work (Rahman, 2011) has been carried out on theldpment of computational models for
studying the response of sandwich panels and simels attempt to make their use more
widespread. Nowadays, numerical simulations basethe finite element (FE) method have
become a standard tool in the development prodetbe @ircraft industry (from the material
level over the component level up to the full afty. Therefore, it is reasonable to use this
technique also for the characterization of cellidandwich core structures (Heimbs, 2009).
Fan et al. (2006) investigated the out-of-plane p@ssive properties of honeycombs by
linear and nonlinear finite element analysis (FEARtay et al. (2008) built a micromechanics
FEA model and a homogenized model, and comparedntimerical results with the
experimental results. They concluded that the miechanics model was more suitable for
honeycomb design since it gave good agreementtidttexperimental data. Pugno and Chen
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(2011) calculate analytically the in-plane linetastic properties of a new class of bio-
inspired nano-honeycomb materials possessing arhbigcal architecture, which is often

observed in natural materials. A parametrical asialyeveals the influences of relative
density and of two key geometrical parameters erotrerall elastic properties. They discover
optimal values for some of the mechanical propgrtie.g. stiffness-to-density ratio.

Furthermore, Out-of-plane shear modulus of the pom@b core of a sandwich panel and the
Young's modulus in the thickness direction wereedeined by experimental methods, an
analytical approach and by the finite element meéthp Mujika et al (2011). They showed

that FE characterization or the analytical modeh dae a reasonable alternative to
experimental methods.

Analysis of load-deflection behavior of a compostndwich beam in three-point bending
was described by Gdoutos et al. (2001). They fahatthe effect of material nonlinearity on
the deflection of the beam is more pronounced lieas-dominated core failures in the case of
short span lengths. The authors thought that dus to the nonlinear shear stress-strain
behavior of the core. For long span lengths, theenked nonlinearity is small and is
attributed to the combined effect of the facingslim@ar stress-strain behavior and the large
deflections of the beam.

Thereby, numerical models allow for efficient pasder studies or optimizations. The
method of determining the mechanical propertieeafeycomb core of different geometries
using tensile and shear test simulations is heseudsed covering a number of important
modelling aspects: the influence of cell wall thieks, expanding angle, edge length ratio,
etc. A comparison of numerical and experimentalltess given for aluminium facings and
aluminium honeycomb core structures. In the presesk, a numerical model is used to
examine the behavior of sandwich panels made omialum skins with aluminum
honeycomb core under four bend loading.

ANALYTICAL MODELS AND NUMERICAL SIMULATIONS
Analytical models

Many authors have developed theoretical approadbesdetermining the equivalent
orthotropic mechanical properties of honeycomb €d¢8chwingshackl, 2006). The nine basic
material characteristics are as follows: two irar@ Young's moduli ,Eand E, another out-
of-plane Young's modulus,Ethe in-plane shear modulusyGthe out-of-plane shear moduli
Gx; and G, and three Poisson's ratieg, vyz, Vyz.

One of the analytical approaches mentioned in tloekwof Schwingshackl (2006) was
developed by Gibson and Ashby (2001). They desdrihe honeycomb core as a cellular
solid consisting of an interconnected network didsstructures that form the edges and faces
of cells (Fig. 1).

Analytical relations given by Gibson and Ashby (2D@f the nine material properties are
listed below (Table 1).
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Fig.1 Honeycomb structure

Table 1 Analytical relations (Gibson, 2001)

In-plane and out-of-plane properties Analytical rebtions
3 .
Young's modulus (x direction) E, = [t] M
a cos'o
3
I t (cosd)
Young'’s modulus (y direction E,=E|—
J v ) Y O(a) (b/a+sing)sin® @
- t (b/a+2)
' E,=E,| —
Young’s modulus (z direction) 2 O[aj 2ol a+sind)cosd
3 .
Shear modulus (xy plane) G,y = Go(tj (E)/a+sm6)
a) (b/a)’(1+2b/a)cossd

GO(tj((b/aJrsmg) <G, < Go(tj (b/a+ 2sin?6)

Shear modulus (xz plane)

a)@+b/a)cosd =~ °la)cosd(b/a+sing)
t cosf
Shear modulus lane G,=G)| = |7/
ulus (yz plane) Y O(a) (b/a+sing)
_ (b/a+sing)sing
Y cos’ @

E, "
Poisson’s ratios Vi = £V (v, = v of aluminium)
_ Ey ( _ f I . )
Vye = £ Vay 2y = Of aluminium

Finite element model

Several authors have performed numerical simulatiopn finite elements to determine the
nine independent constants of this type of strec{@hamis, 1988, Martinez 1989). Similar
studies were conducted later by Mistou et al. (2@0honeycomb aluminum and Foo et al.
(2007) on Nomex honeycomb. The finite element magssd for the simulations of core
structures honeycomb requires mesh generationrfive element structure, the allocation of
behavior laws and the definition of boundary coieds and loading. The numerical model is
based on the introduction of the geometric pararaetithe unit cell of a honeycomb (Fig.1),
the RVE size (length, width, height, or the numbgtunit cells), the size of the element and
the type and boundary conditions. An elementaryisejenerated from the geometric data
and duplicated in the two directions of the plaepa&hding on the size of the RVE.
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For the sandwich structure, the two skins are gegadrby the upper and loweces of the
core, on which the loads are applied. The wholeehisdmeshed with shell elements wit-
nodes depending on the size of the element, ancotfeeand the skins are connected by ni
defining solidercontact between these two bodies. Thel boundary conditions are appli
to the skin of the sandwich structu

The analysis was performed by imposing known dastzents or forces. The opposite <of
the applied displacement ¢éampecand then the forces are obtained. The elastic madk
obtained by measuring the slope of the linear s-strain curve. Code Abaqus was used
the finite element calculation. The geometricalapaetrs are the same as the valused in
the analytical approach and the geometric defeete wot taken in-account

For the four-poinbending test, only a quarter of the panel was neatldue to the symmet
of the problem. A nomomogeneous thr-dimensional mesh is used. The adopted n
contains 88,907 shell elements wi-nodes reduced integration (S#RAbaqus)

RESULTS
Mechanical behaviour of honeycomb cor:

The determination of the nine elastic constantsattarizing the mechanical behavior of
honeycomb core using finite element simulationg).@i is confronted with the analytic
values of @son and Ashby (2001). We are interested primanilthe study of the influenc
of the expanding anglé on the mechanical properties of the honeycombhdukl be notes
that the inplane shear modulus,y is very low.

x direction Tensile (Ex) y direction Tensile (Ey) z directionehsile(Ez)
Fig.2 Tensile simulatics in X, y and z directions

Figure 3 shows the evolution of-plane and out-oplane Young’s moduli (x, E, et E). It

must be noted that the honeycomb exhibits remagkaib-of-plane stiffness (z, thousands
MPa) in comparison with #plane Young’'s moduli (x and y, about ten N). We note the
good agreement between finite element model anytarz values of (ibson (2001)

We notice that Eand E show ewlutions inverse one to thather; if one of the propertie
exhibits growing values, the other shows decreasatges.The cell regular polygor6=30°)
put on display a quassotropy in (x,y) plane (x=Ey). Thecurve of “bathtub” shape related
E., is due mainly to the cros®ctionarea and its variation in function 6. Indeed, this area
(xy plane) increases whet takes the values [0° to 30°], and decreases hergafthat
engender a decreasing way ¢ curve untilo = 30°, and then increases aio = 30°.
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Fig.3 Influence of expanding angle on out-of-plame in-plane Young’s moduli

The out-of-plane shear moduli{Gand G;) display sensible growth in function of expanding
angled (for G,;), and a decrease rather pronounced (fg) Eig.4).
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Fig.4 Influence of expanding angle on out-of-plamne in-plane shear moduli

Finally, Poisson’s ratio in (X,y) plane reveals arstrains in the two directions (x and vy),
following an applied load in one or the other difee (Fig.5). For the other Poisson’s ratios
related to z direction, it is clear that strainthis direction is weakness, because of the great
stiffness of honeycomb in that direction (Fig.5).
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Fig.5 Influence of expanding angle on Poisson satio

The parametric study associated to the three Yeumgiduli reveals an increase with regards
to wall thickness (t) (linear for Fand of 1/x function for the two others Bnd E, Fig.6). It
must be noted that the honeycomb used in thisseiiconstituted by regular polygon cells.
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Fig.6 Influence of wall thickness on out-of-plam&lan-plane Young’s moduli

The growth of edge length ratio (b/a) engenders dawn of E and E properties,
nevertheless BHncreases with this ratio (Fig.7).
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Fig.7 Influence of edge length ratio on out of-@amd in-plane Young’s moduli

Comportement mécanique du panneau sandwich

In this section, we considerate the mechanical\aehaf sandwich panel in function of some

geometric parameters; such as: skin thickness, expanding angled], core wall thickness
(t) and core edge length ratio (b/a).

Figure 8 illustrates linear evolution of Young’s dubus according to x direction (EXx) in
function of skin thickness. This explains the intpat effect of skins on in-plane properties.
However, the expanding anddéhasn’'t a great effect on these properties.
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Fig.8 Influence of skin thickness and expandabtdeann in-plane Young’'s modulus (Ex)
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Similarly, honeycomb wall thickness has a modeinafeience on the in-plane stiffness
(Fig.9).

Young's modulus: Ex (MPa)

20000

16000 +

12000 +

8000 +

4000

0 —

0 0.2

04 06 038
Skin thickness (mm)

1

Young's modulus: Ex (MPa)

WA

20000 T

16000 -+

12000 +

8000 +

1

r0.8mm

0.6mm

0.4mm

2mm

4000 10.2mm

0

0

02 04 06 08 1 12
Core wall thickness: t (mm)

Fig.9 Influence of skin thickness and wall thickmes in-plane Young’s modulus (Ex)

The mechanical behavior of panel sandwich is gaermainly by the skins properties.
Figure 10 shows clearly this; the core edge ratisntt any influence on Young’s modulug E
of the sandwich.
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Fig.10 Influence of skin thickness and edge lemgtio on in-plane Young’s modulus (Ex)
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In figure 11 below, we have plotted the in-planeu¥@’s modulus (Ex) for an aluminium
plate (skin), a honeycomb core structure and awgahdpanel. It indicates that the skins
improve the in-plane properties of honeycomb stnes.
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Fig.11 Influence of skin thickness on in-plane Ygisrmodulus (Ex- comparison with
those of the skins and core

The virtual simulation of a four point bending test a sandwich beam shows the deflection
of the beam, and a zoom of the central part reveeatdl with the attached skins (Fig.12).

EIEIEIS IR R

Fig.12 Deflection of beam under four-point bendiogd

A good agreement can be seen in figure 13, betweaperimental bending tests (Abbadi,
2009) and the present work based on finite elemmermtel.
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Fig.13 Confrontation diagrammes charge-déplacenmneaér four-point bending
(Experiment (Abbadi, 2009) and FE)

The central deflection decreases with cell waltkhess of the honeycomb (Fig.14), which is
completely justified. However, the central defleatiexhibits growing values when skin
thickness decreases.
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Fig.14 Central deflection vs core wall thicknessu(fpoint bending)

Figure 15 shows iso-values of the displacemertiatell level.
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t=0.075mm

Fig.15 Effect of wall thickness on displacementhat cell level (skin of 0.6mm)

CONCLUSION

This study shows that there is a good agreementeleet the mechanical properties of
honeycomb core and sandwich structure with analyéind experimental results.

Ex and E show evolutions inverse one to the other; if ohéhe properties exhibits growing
values, the other shows decreasing values. Theeggilar polygon=30°) put on display a
quasi-isotropy in (X,y) plane (EEy). The curve of “bathtub” shape related tg 5 due
mainly to the cross-section area and its variatiofunction of6. Indeed, this area (xy plane)
increases whei® takes the values [0° to 30°], and decreases heregafhat engender a
decreasing way of Fcurve untilo = 30°, and then increases afiier 30°.
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