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Modeling of Nomex® Honeycomb Cores, Linear and Nonlinear Behaviors

L. Gornet, S. Marguet, and G. Marckmann

Ecole Centrale de Nantes, France
GeM, UMR CNRS 6183, 1 rue de la Nog, BP 92101, 44321, Nantes
Cedex (3, France. E-mail: laurent.gornet@ec-nantes.fr

The purpose of this study is to develop tools dedicated to the de-
sign of sandwich panels involving Nomex ™ honeycomb cores. Spe-
cial attention is paid to the ability to perform full three dimensional
calculations up to failure of such structures. In the first part, the de-
termination of effective elastic properties of Nomex honeycomb
cores is carried out thanks to strain based periodic homogenization
technique. Using an equivalence in energy between a real honey-
comb and a fictitious continuous medium, it becomes possible to
evaluate the elastic behavior of Nomex ™ cores, starting from the
knowledge of the behavior of the constitutive paper. Next, relying
on experimental observations, the strengths of Nomex — honeycomb
cores are evaluated with a linear Euler’s buckling analysis. Results
are compared with data coming from manufacturers, and give sat-
isfaction. In order to carry out these two first studies, the NidaCore
software has been developed using the finite element code Cast3M
from CEA. The last part deals with the modeling of the nonlin-
ear compressive response of Nomex® cores. A model based on the
thermodynamics of irreversible process is proposed and the identi-
fication technique detailed. Good agreement between experimental
data and computed values is obtained.

Keywords Nomex® honeycomb core, homogenization, failure, non-
linear behavior

1. INTRODUCTION

Composite sandwich panels are extensively used in
lightweight constructions. There excellent stiffness to weight
ratio make them particularly interesting for many applications
such as aircraft and aerospace structures or oceanic race sail-
ing boats. In the latter case, typical sandwich panels are made
of two carbon fibers and epoxy resin skins, separated with a
Nomex® honeycomb core as illustrated in Figure 1. The un-
derstanding of the mechanical behavior of the constituents up

The authors want to warmly thank Mister Jean-Pierre Regoin for his
precious help during the experimental campaign of tests on Nomex
honeycomb cores.

to failure is extremely important to ensure safe design of the
structures.

Several damage mechanisms contribute to sandwich structure
failure. Matrix cracking often appears at first in laminates. Then,
the micro-cracks coalesce and initiate delaminations and large
scale crack propagation. Interfaces between core and laminates
debond or core crushing lead the sandwich to failure [1]. In the
context of finite element model, taking into account all these
phenomena while keeping an admissible computational cost is
not a simple matter. A classical simplifying assumption is to
consider brittle linear elastic mechanical behaviors for both the
skins and the core. Associated with anisotropic stress failure
criteria such as Tsai-Hill, Tsai-Wu or Hoffman [2, 3], it then
becomes possible to make calculations on the whole structure.
As an illustration, Figure 2, presents a mesh of the multihull race
sailing boat code B1 which is now well known as Orange II. The
related finite element model involves multilayered thick shell
elements which allow us to deal with both the skins and the core.
Each layer is defined in terms of its orientation, its elastic moduli
and a convenient stress failure criteria. With the assumption that
no delamination occurs, a first design is then carried out. But in
front of hard loadings, which can be wave impacts, slammings
or violent swelling of veils, for example, the description of the
damage phenomena has to be more precise. It results in more
complicated models which involve more parameters can lead to
increasing computational costs.

The aim of this study is to propose tools dedicated to the
calculation of multihull race sailing boats. The focus is on the
mechanical behavior of Nomex®™ honeycomb core. In the first
section, strain based periodic homogenization technic is em-
ployed to determine the elastic constants that traduce the lin-
ear part of the mechanical behavior of the honeycombs. Next,
starting from experimental observations, strengths of Nomex®
honeycomb core are evaluated thanks to Euler’s buckling the-
ory. Comparisons between finite element analysis (performed
within Cast3M, the finite element code from CEA) and data
coming from manufacturers are presented. In the third section,
a unidirectional model dedicated to the nonlinear compressive
behavior of Nomex® honeycomb core is proposed. The identifi-
cation technique is detailed and discussion is made on the results
and on the extension of the model in full three dimensions.



FIG. 1.

laminated skins separated by a Nomex® honeycomb core.

2. ELASTIC PROPERTIES OF NOMEX® HONEYCOMB
CORES

This section focuses on the method developped to compute
the effecive elastic properties of Nomex® honeycomb cores.
The motivation for this study comes from the fact that the only
available data from manufacturers of Nomex™ honeycomb cores
[4,5] arerelative to the out-of-plane behavior which involves: the
compressive elasticity modulus, the out-of-plane shear moduli
and the corresponding strengths. These data are obviously in-
sufficient to perform three dimensional calculations. This paper
is in the continuity of previous studies about the plane behavior
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of Nomex® honeycomb cores [6, 7] and on other ones, dealing
with cellular solids [8—10].

2.1.

Since modeling the true geometry of Nomex® honeycomb
cores on the whole finite element model is unrealistic for reason
of computational cost, another approch has to be implemented.
Strain based periodic homogenization technic is a powerful tool
to model the periodic structures that are honeycombs. The basic
idea is to replace a periodic medium of complex geometry by
a continuous medium with an equivalent mechanical behavior.

Strain Based Periodic Homogenization
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FIG. 2. Finite element mesh of code B1 multihull race sailing boat (Multiplast).



“v
|
v

|| ! €3 i |

|
| ‘ | e ) I |

FIG. 3. Hexagonal and over-expanded unit cells.

The first step of the approach is to define a Representative Vol-
ume Element (RVE) which can, by series of translations, re-
produce the whole discontinuous geometry [11]. In the case of
this study, two geometries presented in Figure 3 are taken into
account: hexagonal and over-expanded rectangular unit cells of
honeycombs.

By convention, and in all that follows, the e, (strong) and
¢, (weak) axis are in plane axis whereas e, is the out-of-plane
axis. O is the origin of basis = (O, ¢, e,, e5). Starting from
the center of a unit cell, two orthogonal plans of symetry can
be definied: (O, e}, ;) and (O, e,, e5). As a result, Nomex®
honeycomb cores exibit an orthotropic mechanical behavior.

The link between the micro scale of the RVE and the macro
scale of the equivalent continuous medium is done thanks to
Hill Mandel’s theorem. It postulates the equality between the
mean elastic energy on the RVE and the energy in the equivalent
medium, which reads:

y£=ifg@@@w )

where:

e o(x): is the stress at point (x) in the RVE;

e €(x): is the strain measure at the same point;

e V: the volume of the RVE (dV = dxdxydx; is the
elementary volume);

e X: is the homogeneous macro stress of the equivalent
continuous medium;

¢ E:is the homogeneous macro strain loading.

By introducing the mechanical behaviors at the micro scale
(known behavior of Nomex® paper) and at the macro scale (un-
known behavior of the equivalent medium), Eq. (1) deals to:
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with:

e K
émicro
cal behavior of Nomex® paper;

e K : elasticity tensor of the mechanical behavior

=MACRO .
of equivalent medium.

: elasticity tensor representative of the mechani-

A macroscopic strain field E . is then imposed at the
=i

iposed
micro level of the RVE by prescribing a displacements field:

ulx) =E. X, Vx € V. On the boundary of the RVE, pe-
—imposed

riodicity conditions also have to be taken into account. If 9V
is the boundary of the RVE, it can be decomposed into 0V
which is the boundary with imposed stress and 9V, the bound-
ary with imposed strain. As the study is strain based, no stress
is imposed on 0V, but on 0V, periodicity conditions are intro-
duced by writing that the field of displacements is the sum of two
terms:

o the field of displacements due to the imposed macro
strain field E

9
—imposed

o a periodic field of displacement that links the opposite
points on the boundary of the RVE.

If A and B are two opposite points on the boundary of the RVE,
periodicity relations are:

u(A) =K, osed X4 T UperiodicityX4)
Z(B) = éimposed Xp + ﬁperiodicity(iB) (3)
u(x,) —ulxg) = gimposed(iA —Xp)

SI.IICC lperi?dicity.(‘lA) = Zperiodicity(iB)' To §ummarlze the
previous considerations, the elementary mechanical problem to
solve is now introduced within Eq. (4):

dﬂ(g(g)) =0 inV  (equilibrium)

(:r(£) = g : g@) inV  (behavior)

e = 5’2’3:@(5)) iV (kinematics)

(:r(g) = g ondV,, (boundary conditions)

u(x) = gimpose X ondV, (boundary conditions)
+£periodicity(£)

It has to be noted that, in finite element analysis, the last
equation of Eq. (4) is introduced with linear relations between
displacement degrees of freedom of the opposite nodes located
on 0V.. Last step is the choice of the macroscopic strain field
. By reminding us that due to symetries, Nomex® hon-

—imposed
eycomb cores present an orthotropic mechanical behavior, the
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Nine macroscopic loadings are then applied to the RVE in
order to compute the macroscopic behavior of the equivalent
continuous medium. They are presented in Figures 4 , 5 and 6
for over-expanded rectangular cells.

The stored elastic energies of these finite element models are
then evaluated and, by using Hill Mandell’s theorem (Eq. 2), the
characteristics of the equivalent continuous medium are com-
puted.

2.2. Results, Effective Elastic Properties

The mechanical properties of numerous geometries of
Nomex® cores have been derived from the method presented
above. The microscopic mechanical behavior of Nomex® paper
has been evaluated by rescaling a given out-of-plane shear mod-
ulus determined by periodic homogenization technique with the
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FIG. 4.

value given by manufacturers [4, 5]. By this way, with only
one set of data from the manufacturer, it is possible to estimate
the whole three dimensional mechanical behavior of a Nomex®
honeycomb core. Table 1 presents the elastic properties for three
kinds of over-expanded rectangular honeycombs of cell size 4.8
mm, sheet thickness 51 um and densities: 29 kg.m_3, 48 kg.m_3
and 64 kg.m 3. Very good agreement is found with available data
concerning the out-of-plane properties.

Next, the evolutions of the elastic moduli in function of the
core density are plotted on Figure 7 for two types of honeycombs
which are: 4.8 mm over-expanded rectangular and hexagonal
cells. An increasing density of the core appears to have signifi-
cant effect on the stiffness of the structure.

With this first study, relying on the strain based periodic ho-
mogenization technique, it becomes possible to determine the
full three dimensional mechanical behavior of any Nomex®hon-
eycomb core, any in the sense of any goemetry, any cell size,
any density of Nomex® sheet and any thickness. This aspect is
particularly interesting since available catalogues only provide
the out-of-plane moduli of these materials for a given thickness
of 12.7 mm.

A pragmatic approach to evaluating the strengths of honey-
comb cores is presented in next section.

3. STRENGTHS OF NOMEX® HONEYCOMB CORES

3.1. Experimental Observations

In the approach presented here, the determination of the
strengths of Nomex® honeycomb cores relies on the assumption
that the buckling phenomenon drives the failure of the structural
materials. To justify this strong hypothesis, several tests are per-
formed on out-of-plane compressive and shear specimens which
are presented on Figure 8 with a photograph of the mean of test.

Nomex® honeycomb cores used during this experimental
campaign are made of over-expanded rectangular cells of size
6.4 mm, density 64 kg.m™3 and thickness 40 mm. Both the
compressive and simple shear specimens use TR-50 carbon fi-
bres and epoxy resin skins of stacking sequence: [0 90]s for a

Over-expanded rectangular unit cell submitted to simple stretches: Eq1, Ex, and E33.
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FIG. 5. Over-expanded rectangular unit cell submitted to simple shear: Ej2, Ep3, and E3;.

total thickness of 1.28 mm. These skins are stiff enough to en-
able the characterization of the mechanical behavior of Nomex®
cores only. Their main advantage is to impose boundary condi-
tions similar to the ones observed in real constructions between
the core and the skins. For a compressive specimen, the block
of Nomex® has a 50 mm length for a width of 50 mm and a
thickness of 40 mm. In the case of simple shear specimen, four
blocks of dimensions: 70 by 50 by 40 mm are used. This choice
ensures a sufficient number of cells in the loading direction. The
tests are carried out on a MTS hydraulic tensile testing machine.
The displacement is measured by the magnetic captor that drives
the test, and the force is obtained with a 25 kN cell force. In the
case of compressive tests the imposed velocity is 0.04 mm.s~!
equivalent to a strain rate of 0.001 s!. For simple shear tests, the
imposed velocity is 0.16 mm.s~! which also leads to an average
strain rate of 0.001 s~.

Figure (9) plots the crushing stress in function of crushing
strain response of two over-expanded rectangular Nomex® hon-
eycomb cores.

The photograph in Figure 9 has been taken just after the
appearance of a global mode of instability. It shows the for-
mation of a macroscopic buckling ply on the whole block of
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Nomex® core and is directly related to the brutal loss of stiff-
ness visible on the response stress curve. The link between
the failure of Nomex®™ honeycomb core and the buckling of
its walls is clearly demonstrated. Figure 10 does the same as
Figure 9 but for simple shear specimens. W (or e;) and L (or
¢,) stress versus strain curves are plotted on the graph. After
a slightly nonlinear reversible response, a subit loss of stiff-
ness is observed. For W direction, this decrease in stress ap-
pears in a range of strain evolving from approximatly 0.01 and
0.012 m.m~!. The photograph on the upper left draws the lower
right block of Nomex® just before the brittle failure (presented
on the other photograph). At this stage, no macro crack is visi-
ble and moreover, a global bending mode appears on the whole
block. This leads us to think that the loss of stiffness is not re-
lated to a brittle failure phenomenon but to the apparition of an
instability which is the first buckling mode under simple shear
loadings. The conclusion is that, for compressive loadings, in
simple shear the failure of the structural material is due to the
buckling phenomenon that is prior to the brittle failure of the
block.

In the next part, and starting from this remark, a method
based on Euler’s buckling analysis is presented. Critical loads

FIG. 6. Over-expanded rectangular unit cell submitted to biaxial stretches: Eq; & Eaz, Eox & E33 and E3z & Eq.



TABLE 1
Computed elastic properties of Nomex® honeycomb cores

ECA-R 4.8 mm 29 kg.m™3 51 um

ECA-R 4.8 mm 48 kg.m ™3 51 um

FE analysis Euro-composite FE analysis Euro-composite
Minimal  Typical = Minimal  Typical =~ Minimal = Typical = Minimal  Typical
Vi2 0.2606 0.2606
V23 0.0219 0.0219
V31 0.224 0.224
E; 44.5 72.5 101.1 128.7
E, 4.4 7.1 9.9 12.6
E3 79.4 129.5 180.5 229.8
G2 0.5 0.9 1.2 1.6
G 8.6 14.1 9 14 19.6 25 18 24
G 14.6 23.9 14 24 333 424 36 44
SR ECA-R OX 4,8mm " ECA 4,8mm
400 4
200,0 4 350 4
300+
=
1500+ ™
£
= 200 -
100,0 4
150 4
50,0 - 100 -
T . //==4 (kgjm3)
m
0,0 e 0 : : -
0,0 20,0 40,0 60,0 80,0 0 50 100 150

—-+E1MPa -=-E2MPa -«E3MPa
——G12 MPa - G13 MPa —--G23 MPa

—-E1MPa -=-E2MPa --E3MPa
—-G12 MPa - G13 MPa — G23 MPa

FIG. 7. Evolution of elastic properties with the density.
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Compressive tests at 0.001s” on ECA-R 6.4mm 64k‘g,m'3 40mm thick
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FIG. 9. Over-expanded rectangularhoneycomb cores submitted to compressive tests.

are determined for each kind of loading, and thanks to the
homogenized behavior, the failure stress surface is constructed.

3.2. Euler’s Buckling Analysis

The objective of this section is to evaluate the ultimate stress
that a Nomex® honeycomb core can carry without failure. Eu-
ler’s linear buckling theory is used. The basic idea is to impose
an elementary unit loading on the RVE, and to evaluate the mul-
tipliers of this applied loading which result in incompatible stiff-
ness matrix of the finite element model [12]. For the unloaded
structure, the stiffness matrix can be computed:

[ BT(): K
Vo= =

——micro

§0 =

:B()adv 6

where:

o S: is the stiffness matrix of the unloaded structure
obtained by integration on the undeformed structure;
e B(x): is the gradient of the interpolation matrix.

After application of an elementary unit loading (by imposing
a marcoscopic strain field E“" corresponding to out-of-plane
compressive or simple shear loading for example), the stiffness
matrix can be evaluated on the deformed shape:

f BT(): K
va = =

—micro

§9 =

: BdV ™

The idea is to find a multiplier of the prescribed loading that
results in a stiffness matrix S° that has nul eigenvalue which
traduces an instability: B

g! = %’ where g’ #0 ®)

with:

*: the matrix of the eigenvectors of S°;
: the diagonal matrix of the eigenvalues of S*.

.
I

IR

The main assumption in Euler’s linear buckling analysis is to
look for an incompatible stiffness matrix S* under the form:

§ =L~ + W5’ ©)

where:

o [:is the identity matrix;

L
o z: is the diagonal matrix of the load multipliers.

By introducing Eq. (9) into Eq. (8) , and by solving for nul
eigenvalues: S'u" = oqu” = 0 u” with u* # 0, it can be ob-
tained: o B B

[8°+ 27— pS
= [QO +ZZ§d]gT
& det[$” + 78]

= 0 whereu" # 0
— ith 2 — -1 _
Quithy’ =17 -2 )
= 0 withy;corresponding to the
ithmode

Equation (10) can then be solved for Y and next for A the

diagonal matrix of the eigenvalues which immediately gives the
load multipliers that lead to instability, i.e., buckling. Once A
determined, the shape of the eigenvectors u® can be evaluated
with Eq. (8) and, most importanting, the macroscopic load ap-
plied on the RVE that leads to buckling. In other words, if the
RVE is loaded with a macroscopic unit strain field E“" (cor-
responding to a pure stress loading =" on the RVE), the ith
loading multiplier A; associated with the ith buckling mode en-
ables the calculation of the critical strain field: E' = A; E*",
Thanks to the mechanical behavior of the equivalent medium



Shear loading on ECA-R 6.4mm 64kg/m3
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FIG. 10. Over-expanded rectangularhoneycomb cores submitted to simple shear tests.

obtained by homogenization technique, it is possible to deter-
mine the ultimate stress X' corresponding to the ith mode of
buckling:

Ec,i — K

K : EY (11)
=MACRO

where:

« X% has only one non nul value X' in adequation with
the imposed strain field E©'.

The failure stress limits are evaluated on the first buckling mode
(the one of lowest energy).

3.3. Results, Stress Failure Criterion
To determine the full three dimensional stress failure limits
of Nomex® honeycomb cores, the method presented below has
been applied with the following loadings:
. E””” such as E;; = 1if i # j, O elsewhere, with
;) ={1;2;3)? (pure shear loadings);
° Eum't such as Eunit — K_l . Eunit with Eij =1
=MACRO
ifi = j,Oelsewhere and (i; j) = {1;2; 3}? (equivalent
to uniaxial pure compressive tests in direction ¢;_ ).

The deformed shapes of the RVE submitted to out-of-plane
shearing are plotted in Figure 11. A comparison between com-
puted ultimate stress values and data available from catalogue
of manufacturer Euro-composite [5] is given in Table 2 for 4.8
mm cell size, 29 kg.m ™3 density and 51 pm of thickness paper
honeycombs.

Satisfactory correlation is founded on the out-of-plane ulti-
mate shear stress values. A more important difference appears in
compressive ultimated stress, difference which might be due to

the boundary conditions on the skins of the RVE that can’t pre-
vent rotations of nodes and results in a lowest energy buckling
mode (under evaluation of ultimate stress).

4. NONLINEAR COMPRESSIVE BEHAVIOR

As mentioned in introduction, hard loadings often occur dur-
ing trans-oceanic races, inducing numerous abandons due to
structural failure. To safely design the boats in front of these
loadings, it appears necessary to understand the physics of the
failure process and to be able to reproduce them. It means under-
standing how skins and core react not only in their linear domain
but also in their nonlinear part. For example, when a wave im-
pacts the hull of a boat, the energy is transmitted to the inside skin
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FIG. 11. Deformed shapes of over-expanded rectangular RVE submitted to
simple out-of-plane shear



TABLE 2
Ultimate stress of over-expanded rectangular
honeycomb cores.

ECA-R  FE (min) Tests (min) FE (typ)  Tests (typ)
0%, 0.185 — 0.31 —
05, 0.282 — 0.48 —
0%5 0.39 0.6 0.62 0.85
0fy 0.72 — 1.2 —
055 0.25 0.31 0.415 042
0%, 0.33 0.32 0.55 0.44

®

throught the outside skin first, and then throught the Nomex
honeycomb core (or throught the foam, depending on the local-
ization of the impact). Predicting the response of the core under
out-of-plane loadings is then essential to make the calculation of
the sandwich panel. The design of shock absorbers is another ap-
plication that make intensive use of nonlinear models to enable
the evaluation of the absorbed energy during the impact.

4.1. Compressive Tests on Sandwich Specimens

In this section, a camé)aign of compressive tests on sand-
wiches made of Nomex™ honeycomb core and carbon fibers
and epoxy resin composite skins is presented. The mechanical
behavior of two kinds of Nomex® honeycomb cores from Hex-
cel is investigated. The first one, an over-expanded rectangular
Nomex® honeycomb core has the following characteristics: 50
mm length, 50 mm width and 40 mm thick; cell size: 6.4 mm;
density: 64 kg.m™3. The second one, an hexagonal Nomex®
honeycomb core is: 50 mm length, 40 mm width and 25 mm
thick; for a cell size of 3.175 mm and a density of 80 kg.m™3.

Two TR-50 carbon fibers and epoxy resin composite skins of
thickness 0.68 mm and stacked at [45—45] are stacked on each
side of the core to complete the specimen. The tests are carried
out on the same tensile testing machine as presented before. The
specimens are placed between two plates of compression and
crushed to a maximum strain of: 0.085 m.m~! with an imposed
velocity of 0.04 mm.s~! for the first type of honeycombs and
0.08 m.m~! with an imposed velocity of 0.025 mm.s~! for the
second type of honeycombs. This corresponds to a compressive
quasi-static strain rate of 0.001 s~! in both cases. Moreover,
cyclic loadings and unloadings are imposed to the first type of
specimens.

The results are summarized below for compressive tests on
hexagonal honeycombs. Figure 12 presents the response of the
hexagonal Nomex® honeycomb cores. The fully crushed spec-
imen is also visible on the graph. For compressive tests on
over-expanded rectangular honeycombs, results are available in
Figure 9.

Four major crushing steps appear from the stress versus strain
curves:

o First step: the linear growth of the stress versus strain—
it corre%gonds to the reversible elastic response of the
Nomex ™ honeycomb cores and occurs at low level of
strain (less than 0.05 m.m™!);

e Second step: the brutal decrease of stress—this phe-
nomenon is linked to the apparition of a huge macro-
scopic buckling ply orthogonal to the direction of the
load as clearly visible on Figure 9, here, failure stress
is arround 3.6 MPa;

o Third step: the slightly rising plateau—it is due to the
successive formation of folds on the walls;

Compressive tests at 0.001s™' on HRH-10 3.175mm 80kg.m™ 25mm thick
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FIG. 12. Hexagonal honeycomb core submitted to compressive test.



o fourth step: the increasing stiffness of the specimen
response—it traduces the fact that there is no longer
formation of buckling ply, only densification occurs at
this point.

The last observation coming from the stress versus strain curves
is that the tests are very repetitive which give more confidence
in the data. In what follows a model dedicated to the crushing
behavior of Nomex® honeycomb cores is presented. This model
tries to regesent the response of the strucutral material that
is Nomex~ honeycomb core in the sense of an homogenized
macroscopic behavior.

4.2. Modeling of the Compressive Behavior

The unidirectional model presented here relies on the thermo-
dynamics of irreversible process [13]. The Helmholtz’s volumic
free energy potential is chosen of the following form:

29 (e;d; p) =€, E(1—d)e, ifd <d,

12
2 (e.;d; p) = €. E€, + 2h (p) elsewhere (12)

where the following variables are respectively:

e 1: the Helmholtz’s volumic free energy [J.m~>];

* ¢,: the recoverable part of the total strain, i.e., elastic
strain [m.m~!];

e E: the elasticity modulus of the undamaged Nomex
honeycomb core [Pa];

e d:adamage variable [m2.m~2] (damage area for initial
undamage unit area);

e d,.: a critical damage that traduces the initiation of the
plateau regime;

e i (p): a function of the an accumulated plastic strain
p associated with a nonlinear isotropic hardening
[J.m~3].

®

The state laws can now be derived from the Helmholtz’s
volumic free energy leading to the expressions of o, the Cauchy’s
stress, Y the thermodynamic force associated to d and R the
stress linked to nonlinear isotropic hardening. If d < d, then :

o= aj) = E(1 —d)e, [Pa]
¢ (13)
__ 1 -3
Y = 5d = 2eeE€e [J.m™]

Else, if d > d, then :

o= Ee, - ) [Pa]
o (oh(p) 5y o (P
R = a— = <—> = (Ql + QZ(p - py>+) [Pa]
P ap

with:

e ¢,: the total strain [m.m~'];

¢ ¢,: the plastic strain which stands for the inelastic
strains observed in experiments [m.m™'];

e p”: the cumulated plastic strains at the end of the
plateau regime [m.m™!];

e (01, Q> and 3 material constants ([Pa] for Q; and Q»,
no unit for ).

Once the state laws are obtained, a dissipation potential has
to be defined to determine the evolution laws. This potential is
related to all the dissipative phenomena, which means, in the
case of this study, to damage and to plasticity with nonlinear
isotropic hardening:

¢ (oY R;(d) =&, (0:Y;R; ()

+¢y(03Y;R;(d) [Im™]  (15)

where:

* &, (03Y;R;(d) = f(0;Y; R;(d)) = |15l —0” —R:
is the plastic dissipation potential;
o &, (0;Y; R; (d)): is the damage dissipation potential;

with:
¢ o7 the plastic yield stress [Pa].

Here it can be noted that the model is constructed under
the assumption of associated plasticity since the dissipation
potential is taken to equal the plastic flow surface f which
delimits the recorvable states from the irreversible ones. The
coupling between plasticity and damage is made as proposed
by P. Ladeveéze and E. Le Dantec [14] with the introduction
of effective stress || which is the stress that might be ap-
plied on an undamaged specimen to obtain the same state of
strain as that obtained by imposing o on the damaged speci-
men. In what concerns the damage dissipation potential, it is
supposed to exist, to be convex in the space of stress vari-
ables, to be positive and to take a zero value at its origin
(4(0;0;0;0) = 0).

By derivation, the evolution laws are then obtained:

1 2N, i )
d = —(1 _ A d)+) ifd < d,, 0 elsewhere

T

.0
€, = )J’a—f if d > d,, 0 elsewhere (16)
p = —X”—f if d > d., 0 elsewhere

with:

e AP: the plastic multiplier that must check the consis-
tency condition A7 f = 0:
e [ < 0: elastic domain;
e f =0and A” > 0: plastic loading;
e f =0and A? = 0: plastic unloading;
e Y,: the threshold that drives the initiation of damage
[J.m~3];
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FIG. 13. Compressive response of Nomex® honeycomb cores.

e Y.: acritical energy release rate [J.m~>];
¢ ¢ and 7: material parameters (no unit for , [s.m2.m™2]
for 7).

The interest of using a delayed damage model has been high-
lighted in many works such as those of P. Ladeveze [15] and
A. Suffis [16]. It introduces an internal length that results in the
apparition of an upper bound for the damage rate d which is
equal to % As a result, the localization phenonenon of damage
into a single element (or spatial discretization dependence of the
results in finite element analysis) is avoided.

Equation (17) gives the expression of the plastic multiplier:

- f
0cfEO0sf + aRfapRaRf

a7

The last point is the distinction between tensile and compres-
sive behavior. It is done by a test on the sign of the stress at
time #,. If o (#,) is positive, the tensile behavior (brittle elastic
on stress failure criterion [2]) is integrated, if not, the compres-
sive behavior presented above is used. Figure 13 illustrates the
different steps.

The delayed damage model associated with linear elasticity is
used until the damage variable d has reached d, a critical damage
level. Then, at this stage (d > d.), the following variables are
updated:

¢ the damage variable is locked: d = d_;

the yield stress is evaluated: 0¥ = E (1 —dc) €, (with
€. = €, at this point);

inelastic strains are computed after elastic unloading:
€p =d.€;

and elastic strains are updated: €, = (1 — d,) €;.

The stress is then computed: 0 = Ee, = E (1 — d,) €, with
the mechanical behavior relation (it is equal to ¢” at the mo-

ment when instability appears). Next, a usual return mapping
plasticity algorithm [17] is used to update variables. Figure 13
illustrates the two major steps of the model.

4.3. Identification and Results

To determine the values of the material parameters involved
in the model, an optimization procedure coupled with classical
empirical rules is developed. Hence, the elasticity modulus E is
measured as usual on the compressive stress versus compressive
strain curve as the director coefficient in the elastic step of the
response. Then the critical damage d, that initiates the plastic-
ity regime, comes from the apparent elasticity modulus at the
starting point of the regime plateau (see Figure 13). The yield
cumulated plastic strain p” is defined as the inelastic strain that
appears after elastic unloading just before the densification step.

For the other coefficients of the model:

e a,7,Y, and Y,: for the damage model;
e (1, 0, and B: for the nonlinear isotropic behavior;

an optimization procedure based on a direct search method: the
pattern search algorithm, is employed [18]. The only restriction
is the choice of the value of T (which is still an open question)
that is the upper bound of the damage rate. Its value is fixed at
7 = 107 s7! as usualy found in literature [16]. The pattern
search algorithm is presented below:

1. initialize: k = O; a direction of search: 7 _in the space of pa-
rameters; arange of search: r; the initial guess of parameters:
Q;

. starting from the initial set of parameters €2
[o; Y05 Ye; Q15 Q2; By, compute its cost function Y (defined
later) to estimate the quality of this set;

. next, make a translation in direction n, of range r; in the
space of the parameters to find a new candidate €2;;; and

evaluate its associated cost function Yy 1;



4. make a test:

a) if Tr41 < Y then, the direction of search is a promizing
direction, and so increase the range of search 441 > 7
without changing the direction of search My = 1,5 €0
to step 3;

b) if Yi4+1 > Yy then, the direction of search is not a suitable
direction, and so change Meit #n, (with an arbitrary
empirical rule to test in all the directions of the parameters
space); go to step 3 without changing the range of change
rr+1 = Iy until a better candidate is has been found; if
such a candidate can’t be found, decrease the range of
search ry4 < ry and go to step 3.

This algorithm, quite simple, has several interesting advantages:

e its ability to deal with numerous parameters;

e its robustness (if an incompatible set of parameters is
met leading to an unreal cost function for example, the
algorithm changes its direction of search);

e its capacity to check a wide area in the space of param-
eters.

However, it has some non negligible drawbacks such as a
starting point dependency and a tendency to converge on a local
minimum. In this study, the drawbacks are not a limiting point
since even if the solution does not correspond to the global min-
imum, it has no real effect on the ability to perform calculations
with the model and on the capacity to match experimental data.
Many starting points were checked (initial guess €2¢), leading
for an important part of them, to similar results in terms of set
of parameters. To finish with the presentation of the method, the
cost function is defined as an error in the sense of least squares

TABLE 3
Parameters values for the model.

E 128 MPa 0 242 Jmm™3  « 10

d. 087m?>m? Q, 450Jmm™ <t 1075 ¢!
B 0.54 Y, 0.06J.mm3
p’  053mm~' Y. 0.01Jmm3

between experimental data and computed values:

T (%) = Z (datai — computedvalues; (Qk))2 (18)

1

ateach point i of the curves. After the step of optimization all the
parameters values are available. They are summarized in Table 3
for the over expanded rectangular honeycombs:

With these parameters, the crushing stress versus crushing
strain curve computed is compared to experimental data in Fig-
ure 14:

From a general point of view, the computed values are very
similar to the experimental data that were used to make the iden-
tification. The four steps of the failure of Nomex® honeycomb
cores: elasticity, apparition of the instability, plateau and densi-
fication are reproduced with a satisfactory accuracy. However,
at low level of strain, just after the apparition of the instability
the unloading is not well represented, it is stiffer with the model
than in experiment. This can be explained by the instantaneous
change of mechanical behavior in the model, change of me-
chanical behavior which might be softer for real. Another small
drawback of the model appears at very high level of strains. Ex-
periments exibit an unloading stiffer than the initial elasticity
modulus. This is due to the honeycomb sheets which are under

Compressive tests at 0.001s" on ECA-R 6.4mm 64kg.m ™~ 40mm thick

Crushing stress (MPa)

Cruching strain (mm.mm’")

FIG. 14.

Comparison between computed and experimental crushing curves.



compressive loading between the two skins of the sandwich. The
model is not able to deal with this phenomenon.

As a conclusion for this first unidirectional model dedicated
to the nonlinear behavior of Nomex® honeycomb cores, it can be
said that the obtained results are quite promising. The next step
is to understand the coupling between out-of-plane compression
and shear in order to propose a full three dimensional nonlinear
behavior for Nomex ™ honeycomb cores.

CONCLUSION

In this work, the first point was to develop software dedi-
cated to the determination of the effective elastic properties of
any Nomex® honeycomb core (any geometry of cell, any cell
cell size, any density, any thickness). This tool, relying on the
strain based periodic homogenization technique, gave satisfac-
tory results compared with manufacturer’s data. The next point
was the determination of the strengths of Nomex® honeycomb
core. In agreement with experimental observations, the linear
Euler’s buckling analysis was introduced to evaluate the criti-
cal macroscopic strain field that leads to failure. Thanks to the
homogenized mechanical behavior, the ultimate stress was com-
puted, and, once again, good results have been obtained from
data coming from manufacturers. The last point was a prospects
on the nonlinear behavior of Nomex® honeycomb cores sub-
mitted to out-of-plane compressive loadings. A model based on
the thermodynamics of irreversible effects, inclucing damage
and plasticity was developped, and an identification technique
proposed. Very good adequation was obtained between experi-
mental data and computed values.
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