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Summary
The mechanical properties of Nomex® honeycomb cores are determined through

a combined experimental and numerical approach. The proposed method relies on
out-of-plane shear tests on four blocks specimens and on standard ASTM com-
pressive tests. These mechanical tests are designed and analyzed thanks to finite
elements simulations involving randomly distributed geometric defects and failures
due to instabilities. The full three-dimensional mechanical properties of Nomex®
honeycomb cores are then computed with the prototype software NidaCore by in-
verse scaling of the mechanical properties of the constitutive Nomex® paper on
available experimental data. Moreover, the failure envelope of Nomex® cores
are predicted by the use of a coupled approach involving experimental results and
numerical simulations and based on the understanding of local instability mecha-
nisms. A failure criterion is then proposed.

keywords: Nomex® honeycomb cores, homogenization, finite elements mod-
elling, compression testing, shear testing.

Introduction
The purpose of this study is to enhance the understanding and modelling of

the mechanical behaviour of Nomex® honeycomb cores. Associated with car-
bon/epoxy laminates, these materials form sandwich structures which are widely
used in the manufacturing of transoceanic sailing race boats (Gornet et al 2006).

The mechanical behaviour of the different elementary materials constituting
the sailing boat must be invastigated in order to integrate the experimental data of
materials in finite elements simulations as soon as the design process starts (Martin
et al 2006). Experimental as well as numerical approaches are used to determine the
three-dimensional mechanical behaviour of the Nomex® honeycomb cores under
quasi-static condition. The collapse of hexagonal (ECA-H) and rectangular (ECA-
R) honeycomb cores is related to the phenomenon of loss of stability (Gibson L.J.,
Ashby MLE, 1988). It is due to the local buckling of the cell walls (Gornet et al
2004), and results in a full deterioration of the cores. The catalogue of Nomex®
cores of Hexcel (1999) points out that “Users should make their own assessment
of the suitability of any product for the purposes required”’, and Euro-Composite
(1999) states that “Data is based on results gained from experience and tests and
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is believed to be accurate yet without acceptance of liability for loss or damage
incurred and attributable to reliance thereon as conditions of use lie outside our
control”.

Consequently, the Nomex® cores must be validated by the designers of struc-
tures in order to check their designs in a pertinent way.

In this study, the characterization of the three-dimensional mechanical behaviour
of the Nomex® honeycomb cores is carried out using an experimental work cou-
pled with finite elements simulations. Three-dimensional mechanical properties
of the Nomex® cores are inferred from simulations using the prototype software
NidaCore. This software has been developed in laboratory and is based on fi-
nite elements code Cat3M-CEA (Gornet et al 2004). Initial simulations have been
validated using the catalogues of the manufacturers, Hexcel and Euro-Composite
(1999). These numerical results are compared with experimental data obtained
from standard out-of-plane compression tests (ASTM C365) and non standard out-
of-plane shear tests. The shear test (ASTM C273), commonly used by the manu-
facturers of Nomex® to characterize their materials, does not produce a pure shear
stress state. As a consequence, choice was made to use a test-sample containing
four blocks of Nomex® honeycombs to ensure pure shear kinematics. The geome-
try of the test-sample has been determined using many finite elements simulations
which have highlighted the importance of scale effects on the material parameters
obtained. Experiments have confirmed numerical predictions and the quality of
the proposed four blocks shear test. Moreover, the mechanical elastic behaviour as
well as the ultimate stresses under complex loading conditions have been numer-
ically determined from the software NidaCore (Gornet et al 2006). This software
is based on the theories of periodic homogenization and elastic instability applied
on a Representative Volume Element. The RVE of the honeycombs involves three
orthogonal planes of symmetry, which lead to an orthotropic equivalent medium.

The finite elements simulations carried out using the NidaCore code do not
only allow to minimize the experimental work but make it also possible to define
the rupture stress envelopes under the action of complex mechanical conditions
that lead to instability. The mechanism of rupture by buckling is clearly elaborated
in the literature (Gibson and Ashby 1988, Zhang J..M.F. Ashby 1992, Petras and
Sutcliffe, 1999, 2000, Aminanda et al 2005, Gornet et al 2004, 2006). The rele-
vance of the theoretical approach, suggested to compute the envelope of rupture, is
confirmed by the experimental results generated by the ARCAN test presented by
(Petras and Sutcliffe, 2000).

Experiments
A great number of mechanical tests, standardized or not, is proposed in the lit-

erature to characterize the mechanical behaviour of the honeycomb cores: the test



Figure 1: ECA-H and ECA-R 6,4 mm 64 kg.m > Nomex® geometries

of delamination of walls (ASTM C362), the test of compression (ASTM C365),
the one block diagonal shear test (ASTM C273), the test of combined compression
and shear (ARCAN), or, the test of inflection on sandwich (ASTM C393). In this
study, a canonical base of three mechanical tests associated to finite elements sim-
ulations is proposed to determine all the quasi-static three-dimensional mechanical
properties of Nomex® honeycomb cores (Hexcel 1999, Euro-Composite 1999).

The proposed approach relies on a test-sample for pure out-of-plane shear in
L direction, a test-sample for pure out-of-plane shear in W direction and on a test-
sample for standardized out-of-plane compression, ASTM (ASTM C365).

The presented tests have made it possible to characterize the mechanical be-
haviour of two types of Nomex® honeycomb cores visible on figure 1. In order
to check the influence of the height of the block on the mechanical properties, ex-
perimental investigations have been performed on hexagonal honeycombs ECA-H
of height 12.7 mm and diameter 6.4 mm and on rectangular over-expanded ones
ECA-R of height 40 mm and diameter 6.4 mm. These two materials have the same
density of 64 kg.m~3. The tests have been carried out on a hydraulic tensile testing
machine MTS of 25 kN of strength capacity.

The mechanical properties measured at the end of the experimental phase are:
the modulus of out-of-plane compression (E7 or E33), the deformation with insta-
bility, the two out-of-plane shear moduli (G, and Gy or G;3 and Gy3) as well as
the two associated stresses and deformations of rupture. During the mechanical
tests, the presence of a scale effect was highlighted by the use of several sizes of
test-samples, in agreement with the previous numerical simulations.

Out-of-plane compression test
The out-of-plane compression tests proposed in (ASTM C365) allows the de-

termination of the modulus of compression (Es3) and its associated rupture stress
(033¢). The shapes of a test-sample of 40 mm height are presented during and after
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compression in figure 2.

The specimens are placed between two plates of compression and crushed up
to a maximum strain of 90 % with an imposed velocity of 0.025 mm.s~!. The
associated compressive quasi-static strain rate is 1.1073 s~!. Two stress versus
strain curves are plotted on figure 3 for these quasi-static conditions and several
other curves are plotted for higher strain rates. They all show the existence of three
major crushing steps. The first one, a linear growth of the stress versus strain, is
related to the reversible elastic response of the Nomex® honeycomb core. Once a
critical load is reached, corresponding to a compressive stress of roughly 3.6 MPa, a
brutal decrease in stress is observed. This phenomenon is in link with the apparition
of a global instability within the honeycomb core. It is due to the local buckling
of the walls of the honeycombs, local buckling that gather to form a global mode
of instability (figure 2). After this first global collapse of the structure, a slightly
rising plateau is observed, before a ultimate phase of densification, traduced by
the increase in stress and due to the accumulation of crushed material between the
skins.

It can be noticed here that the stress versus strain curves are very similar which
proves the data to be reliable and that no strain rate effect occurs. The experimental
data and predictions are presented in table 1.

Table 1: Comparison between computed values and experimental data (ECA-R)
Es3 (MPa) 033, (MPa)
Experimental 155 3.6
Computed 180 4.1

In Hexcel’s catalogue, there is no data for thicknesses different from 12.7 mm.
This demonstrates all the interest to have a reliable predictive method to determine
full three-dimensional mechanical properties of Nomex® cores. However, to give
an order of comparison, the Young’s modulus and the crushing stress for a Nomex®
honeycomb core of thickness 12.7 mm are equal to 255 MPa and 4.5 MPa respec-
tively. Hence, the values obtained from the crushing tests seem to be coherent
with the fact that when the thickness of the core goes up, the mechanical properties
decrease (Young’s modulus and crushing strength).

Out-of-plane shear test

The out-of-plane shear tests are elaborated using four blocks test-samples en-
suring a pure kinematics of shear for each of the four blocks (figure 4). These
tests make it possible to measure the two out-of-plane moduli of rigidity (G, and
Gw ). The stress deformation curves established from the shear tests are presented
on figure 5.
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Figure 2: Shapes of failure of an ECA-R specimen during and after compressive
loading

Scale effect in out-of-plane shear

The presence of a scale effect has been experimentally checked on shear test-
samples of Nomex® ECA-R 40 mm, 6,4 mm, 64 kg.m 3. The sheared blocks
were cut down successively by 1/7 th; 2/7 th; 3/7 th; 4/7 th; 5/7 th and 6/7 th of
their initial surface. The evolution of the measured shear modulus in experiments
is presented on figure 6.

Simulation of the Edge Effect
In this part, finite elements simulations carried out on an arrangement of cells

modelled by shell elements enable to determine the dependence of the out-of-plane
shear modulus on geometrical parameters. Simulations have been conducted under
the assumption of linear elasticity with small perturbations for heights of cores
equal to 4; 12.7; 40 and 90 mm. The length of the virtual test-sample has been
taken equal to 2; 4; 8; 12; 24; 48; or 96 cells. A distribution of the stored energy
is presented in figure 7 for the model involving 12 cells. The edge effect clearly
appears, there is less stored energy near the edge than in the centre of the specimen
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Figure 3: ECA-R under compressive loadings (E33), stress versus strain curve

Figure 4: Four blocks shear sample, deformed configuration, ECA-R (Er)

(see figure 9 for an illustration of the repartition of the stored energy per cell). This
leads to a scale effect affecting the measured properties of the test-sample.

Figure 8 shows that for a given height of block, the identified shear modu-
lus tends asymptotically towards its stabilized value when the number of cells in-
creases. In the case of the proposed four blocks test-sample, the length of blocks
must be of at least 127,2 mm in the L direction and 157,2 mm in the W direction.
Standard norm ASTM C273-94 recommends a block length equal to 12 times the
height of the core for its test, which corresponds, in the presented case, to a length
of 152,4 mm. For a standardized height of block of 12,7mm (ASTM C273-94), it
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Figure 5: Nomex® ECA-R, 40 mm, shear tests

= 3

o

= 30 - -o— modulus GL : N e

2 - modulus GW s

S 25+ -

° e

(=] -

E 20 -

@

=

FREE !

L0

< Pu——

@ 10 - -

= H_F_FFD"'

e 5 ol

=

c

©

E 0 T T T T T T T L
0 500 1000 1500 2000 2500 3000 3500 400(

Specimen area (mm?)

Figure 6: Evolution of shear modulus versus block shear surface for ECA-R

seems necessary to take into account at least 24 cells in direction of shear to obtain
a stabilized shear modulus (figures 8 and 9).

Virtual-Sample Program
A “virtual sample”, entirely parameterized and made of several cells meshed
by shell elements, has been developed using the finite elements code Cast3M in
order to validate the relevance of the experimental results. This virtual sample can
be solicited in out-of-plane compression and/or shear. An internal examination area
can be inspected in order to validate the length of penetration of edge effects in the
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Figure 7: Energy distribution for discrete ECA-R and homogeneous equivalent
body under shear loading
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Figure 8: Shear modulus versus number of Nomex® cells for ECA-R

block of Nomex® honeycombs. The influence of the area of edge effect can thus be
evaluated numerically from the calculation of the energy of deformation. Moreover,
geometrical imperfections can be generated on the cells of the honeycombs using
a Gaussian noise (figures 10 and 11). The research of buckling modes allows the
determination of the ultimate stresses as was done before. The geometrical defects
introduce a multitude of modes of instability of close values. The computation
of the mechanical properties without taking into account the edge zone leads to
moduli of higher values than if the whole specimen is considered.

The simulations performed confirm the experimental results.
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Figure 9: Energy distribution for ECA-R under shearing loading
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Figure 10: Virtual specimens with randomly distributed defects

Theoretical Aspects of Nidacore Software
This prototype software relies on the theory of the homogenization of periodic
media. It is developed using the process control language Gibiane of the finite
elements code Cast3M CEA (Gornet et al 2004). Mechanical characteristics of
Nomex® paper used in the model are determined backwards by inverse scaling of
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the out-of-plane shear moduli of the homogenized core compared to the experi-
mental results. Out-of-plane moduli G; and Gy and associated stresses of rupture
or, and oy as well as the crushing stress oy are the only data usually provided by
the manufacturers of honeycomb cores. The second version of prototype software
NidaCore make it possible to obtain a more general tool by adding, in the Rep-
resentative Volume Element, the interaction between the core and the two skins
(Gornet et al 2006). Moreover, NidaCore is able to compute the ultimate stresses
of the RVE and as a consequence, to create the envelope of failure of the studied
core.

General concept

The Representative Volume Elements (Y) adopted for the homogenization of
the hexagonal and rectangular over-expanded honeycomb cores are presented in
figure 11. Any larger volume can be obtained by successive translations of these
RVE. The orthotropic basis of the honeycomb cells are (e1, €5, €3).

Strain based periodic homogenization rests on the data of an average strain
field £ imposed to a RVE and which enables the computation of the compliance. It
must be highlighted that for periodic homogenization, stress or strain approaches
are equivalent. In our case, the software is based on a strain based periodic homoge-
nization approach involving displacement boundary conditions. This method leads
to six linear elasticity problems (1) which have to be solved under strain boundary
conditions, such as: Ex, = 1 and E;; = 0 if (i, j) # (k, h).
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Figure 11: Over-expanded (ECA-R) and hexagonal (ECA-H) honeycomb RVE
with orthotropic axis
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The six elementary problems to be solved on the RVE Y are derived hereafter:

div(c(y))=0 inY

o(y) =C(y)e(u(y)) inY
&(u) = grads (u(y)) M
(y)ﬁ 0 on 8Y21

Xt —
U(y) =Ey+Vper ondYa
The homogenized mechanical stiffness C®V of the RVE can be simply derived
with the Hill-Mandel theorem which makes the assumption that the mean energy
of the RVE is equal to the energy of the equivalent continuous medium (2):

E: (CNEE) = % / o : edy )
Y

The anisotropic homogenized elastic stiffness tensor is determined by deriving
the twenty one linear combinations of the six elementary problems defined on the
RVE. The engineering constants, the Young’s moduli, the Poisson’s ratios and the
shear moduli, are deduced from the RVE compliance coefficients.

Failure Criteria
Periodic structures typically exhibit many local failures after having been ex-

posed to structural instability. Experimentally it can be observed that the buckling
corresponds to a very significant increase in the damage of the walls of the core.
During mechanical shear tests or out-of-plane compression tests, a brutal decrease
of the load appears after structural instability. This collapse corresponds to the
crushing of the walls. Nomex® honeycomb cores are known to have a fragile lin-
ear elastic mechanical behaviour. In this study, it will be considered that this load
corresponds to their ultimate limit. The critical strains are given for the differ-
ent cases of loadings. The study of the linear elastic buckling of the RVE leads
to the identification of the failure stress properties. According to this assumption,
Euler’s critical condition then reduces to a standard eigenvalue problem (3). Fail-
ure stresses components associated with the critical strains (3) are defined by the
equation (4):

[K+2A%K,| X, =0 E‘=A%E 3)
6;.CiEj “)

For illustration, the failure envelopes are presented in figures 12, 13 and 14 for
combined loadings of compression and shear in the L and W directions, as well as
combined shear loadings for ECA-R and ECA-H cores. These ultimate stresses are
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determined from the buckling modes of the RVE. The simulations carried out using
the NidaCore software are in conformity with the experimental results of Petras and
Sutcliffe (2000) obtained from an experimental device ARCAN.
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Figure 12: 013 — 033 Stress failure predictions for ECA-R 48 kg m~3 and ECA-H
48 kg m~3

However, the change of slope observed numerically (figures 12 and 13) is cer-
tainly masked in the work of Petras and Sutcliffe (2000) due to the low number
of experimental points. According to ECA-H 4.8-48 (51) and ECA-R 4.8-48 (51)
numerical failure predictions, we proposed the extended failure envelope as follow:

Failure envelope in the 013 — 03 plane:

o3\ o\
( 13> +< 23> 1 5)
O13¢ 023¢

Failure envelope in the 013 — 033 plane:

Failure if fci3_33 =1 with fc13_33 = min (gC13,fC13) and

o3 o3
013 023
013, 0 = +
gcl3( 13, 23) <613C> <623C> (6)

o3 o3
013 033
fe13(013,033) = 113 ( > + ( >

O13¢ 033¢
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Figure 13: 0»3 — 033 Stress failure predictions for ECA-R 48 kg m~3 and ECA-H
48 kg m~3

Failure envelope in the 0,3 — 033 plane:

Failure if fcy3_33 =1 with fcy3_33 = min (gC23,fC23) and

[0%%) 0023
013 023
023,033) = +
gc23( 23 33) ( > <023c> 7

O13¢
[0%%) 0023
023 033
fe23(023,033) = 3 ( > + (
033¢

023¢

The parameters of the failure criteria are identified to fit the discrete data as
illustrated on figures 15 and 16 for combined compression and shear loadings.

The failure envelope could be simplified with linear response but the identifi-
cation must be conservative with experimental data presented for materials.

1o} 1o
(5)+(3)=
Oi3, 03
1o} 1o}
(5)+(3)= ®
Oi3, 033,
O 033
() ()
Oi3, 033,
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Figure 14: 0,3 — 013 Stress failure predictions for ECAR 48 kg m 3 and ECA-H
48 kg m~3

Table 2: Nomex® cores mechanical properties

Material ECAR 4.8-48 (51) ECAR 4.8-48 (51)
Category  Minimum Typical Minimum Typical
Results FE EC FE EC FE EC FE EC
Go3 344 34 419 40 199 18 25 24
Gi3 225 22 274 28 342 36 4297 44
Gia 1.76 - 215 - 1 - .89 -
Es3 164.1 199.9 185.6 - 2336 -
033¢ 13 26 158 28 137 23 172 23
O13c 49 56 594 66 077 072 084 0.82
023¢ .82 98 1.003 1.14 0.79 0.66 0.89 0.74
Conclusion

A canonical base of three mechanical tests associated with finite elements sim-
ulations has been proposed to determine all of the three-dimensional quasi-static
mechanical properties of the Nomex® honeycomb cores. The approach suggested
involves four blocks specimens for pure out-of-plane shear tests and standardized
specimens for out-of-plane compression tests. Relevance of the mechanical tests,
and in particular of the scale effect, is validated using the virtual-sample program.
The experimental work carried out in interaction with studies on prototype soft-
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Figure 16: 0»3 — 033 Stress failure criteria for ECA-R 48 kg m >

ware NidaCore, developed from the finite elements code Cast3M-CEA, allows to
evaluate the rupture stresses under the action of complex loadings without having
to perform additional ARCAN type mechanical tests. A complex failure envelope
criterion is proposed. This criterion is identified on the numerical ultimate stresses
components given by NidaCore.
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