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Abstract

Due to high stiffness and strength to weight ratios, composite sandwich is used increasingly
in aerospace gpplications. The main drawback of sandwich Structure is its low resstance to
impact damage and the extent to which the strength of the structure is reduced under
compressve loading. In thisstudy, it is proposed that a continuum damage modd is used to
model crushing due to impact. The modd describes the compressive behaviour of
honeycombs made from materids that are prone to eastic buckling. The materia behaviour
in compression is described by a combination of three condtitutive modds namely eadtic,
continuum damage and inelagtic strain accumulation. The mode has been interfaced with
LUSAS and is used to modd “soft” impacts onto minimum gauge Nomex™ sandwich. The
materias and dimensions are typical of sandwich panes found in commercid arcraft.
Results from analyss are compared to experimental data and are found to compare well.
The outcome is the ability to evauate impact damage for various honeycomb sandwiches.

Introduction

Composite sasndwich congtruction is becoming more common in aircraft sructure. Thisis
essentialy because such panels offer high stiffness to weight and, in some cases, dso the
best stirength to weight ratios. However, sandwiches are generdly poor at ressting impact
damage. Impact may come from avariety of causes. Typicaly, low speed impacts may
result from tool drops, hail and debris thrown up from runways. In the literature, these types
of impact have received agreat ded of attention [1,2,3] for good reasons. They area
common form of damage and present an easy case to Smulate andyticaly and
experimentaly. Typicdly, experimentd datais generated using asted bl indentor to create
the damage zone. This creates a high mass - low speed impact. However, sandwich panels
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aso suffer impacts from high speed - low mass bodies such asbirds. Typicd examplesare
the trailing-edge wedges of arcraft flgps. Soft bodies are highly deformable compared to
rigid bal indentors and do not create the same distribution of damage in the core [4].
Consequently, the aim of this research isto develop amode to Smulate arange of impacts
onto sandwich panels.

Meta honeycombs such as Aluminium deform by plastic buckling and are commonly well
modelled as dadtic, perfectly-plastic materids. In comparison, materials made from
random, short fibres embedded in an epoxy matrix tend to fail predominantly by elastic
buckling under compressive loading. After buckling, the core does not recover its origind
buckling strength due to loca damage to the short fibres a the kinks and the atered
geometry of the cdls. The kinks become permanent “hinges’ |&ft in the core materid. Asa
result, these cores are lft in a state where the hinges deform from the start of load
gpplication. The core then appears to deform dadticaly but with areduced stiffness. Core
damage due to soft body impact is shown in Figure 1.

Figure 1 - Honeycomb crushing due to a deformable body impact.

The difference between a hard and soft impact is interesting. Figure 2 shows an impact
where arigid bal was used. The damage is a parabolic shaped region, with the maximum
depth at the centre. The damage after impact by a deformable body has a depth of damage
across the defect that is uniform. Clearly, damage due to a deformable or “soft” body does
not creste the same profile as a hard body.
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Figure 2 - Experimental rigid body impact.

Accordingly, the am of thiswork is to develop a method by which impact damage can be
modelled using finite dement andyss. It should be vaid for both soft and hard impacts.

Core Behaviour.

Previous studies of compressve falurein meta honeycomb [10] has shown that the overall
responseis generaly smilar to that of an dadtic-perfectly plastic materid, especialy where
the materid exhibitslower levels of strain hardening. When the materid buckles locdly,
plagtic hinges form and it is here that the bulk of the redl inelagtic srains are accumulated.
On unloading, the smd| eadtic strains are recovered from the plastic materid in the
neighbourhood of the hinges.

In contrast, impacts with amaterial such as Nomex™ exhibit more complex behaviour both
on loading and unloading. Theinitid buckling of the coreisdadtic in nature. Asareault, the
formation of hingesin the core materid decreasesits stiffness rgpidly due to the geometrical
changes that have occurred. The force sustained in the damaged materiad fals accordingly.
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Figure 3 shows atypicd plot of the nomind sress-strain behaviour for aNomex™ sample
under quasi-static through-thickness compresson. From amechanica perspective the
most notable difference between non-metdlic and metalic honeycomb structure is the post
buckling load carrying capacity. Non-metallic honeycomb loses alarge proportion of its
diffness pogt-buckling. In contrast, metdlic honeycomb retains sgnificant load carrying
capacity because further deformation requires additiond plastic work.
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Figure 3 - Nominal Stress-Strain behaviour of Nomex ™ core

Thefdl in this curve represents a decrease in the strain energy as the materia buckles.
Physicaly, the materia forms anumber of loca wrinkle Stes and beginsto deformin a
concertinafashion. The materia between the wrinkles stores much less elagtic energy than
the smdl volume associated with the wrinkles stores a combination of dagtic and indastic
energy. Subsequent to theinitial buckling, the materia exhibits steady crushing. The loading
history shown in Figure 3 can be divided into three regions as follows:

1. Eladtic loading to the point where the critical Stress, s it IS reached.
2. Rapid decrease in the gpparent stiffness of the core material.
3. Steady crushing, during which indlastic srains accumulate.
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Figure 4 — Damage Evolution.

During dastic loading, the honeycomb is modelled as an orthotropic solid to account for the
large variation inits siffnessin its principd directions. Thisis valid until the peek stress s it
is atained. An dadtic continuum damage mode is used to cregte the gpparent change in
diffness (geometry) of the honeycomb. The main requirements of the damage evolution are
that the decrease in giffness occurs as rapidly as possible and thet it causes the same
reduction as the experimenta samples. This has been achieved in LUSAS with a modified
user defined damage potentid function. A schemdtic of this damage function is shown in
Figure 4.

Consdering Figure 3, it is clear that buckling happens very repidly. The change in the stress-
drain curve occurs gpproximately a afixed strain, eyit. Thisisverified experimentaly even
a low grainrates. Under this assumption and the dominant through thickness elagtic
properties, the following relationship is devel oped:

o= S it » S crush (l)
EO ED

Rearranging equation (1), gpproximeate ratio equivaence between the critica stresses and
moduli isfound (2). The dressratio isrelated to the damage multiplier, giving:

é: S crush: 1 _ dmax (2)
EO S crit

From experimenta data, the reduction in stiffness was found to be 60% for typical Nomex
honeycomb, giving amodulus ratio of 40%. Subsequent to the reduction in giffness
achieved by the damage accumulation, any further load gpplication should result in steady
crushing smilar to an dadtic, perfectly-plastic materia. For adtatic loading case this would
be hard to moded using ayidd surface criterion.

Thergpid risein load during an impact event means that the behaviour shown in Figure 3is
suppressed. Under these conditions, athough the stressin the materid istrying to fall, the
externally applied load rises more rapidly. Consequently, instead of the behaviour in Figure
3, under impact conditions the stress level increases until steady crushing occurs. Asa
result, the damage evolution and the start of the indlastic strains probably start at about the
sametime. If the damage gradient is sufficiently high, the damage event is completed rapidly
and any subsequent increase in load will smply add to the indlastic strain component.
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Toillugtrate this, amodd of a honeycomb specimen was impacted with damage properties
and the modified evolution law but without any indastic behaviour. Figure 5 shows that the
dressleve isindeed increasing under the rapid load gpplication. In contrast, a quasi-gatic
model dlowsthe dressto gart faling.
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Figure 5 — Impact response of honeycomb with the damage model.

The application the plagticity modd post buckling is gppropriate for modelling impact with
amdl leves of indentation only. Large levels of indentation may not be modelled well
because the plagticity modd permits flow that is not characteritic of a crushing honeycomb
resulting in excess flow in the ribbon and transverse directions.

The isotropic modd alows damage to occur under both tensile and compressive loading.
Since buckling occurs a much lower load levels compared to tensile failure and to avoid
tensle damage progression, the modd modified so that damage may only develop under
compression. Damage may only occur when the hydrogtatic stress less than zero:

as, <0 3
i=1,3

Under these conditions there is a net compressive state and damage is permitted to progress
accordingly.

Numerical Simulation

Two different numericd smulations have been performed. Thefird isa soft impact event
while the second replaces the soft projectile with asmdler, rigid impactor. Thisdlowsa
comparaive andysis of the proposed continuum damage model under conditions of both
soft and hard impact types.

The modd uses axisymmetric, explicit dynamic eements with Eulerian geometric non-
lineerity. Sidelines are used in the model not only to account for the contact between the
impacting body and the sandwich but aso to tie components of the sandwich mode!
together. The finite dement mesh isdisplayed in Figure 6.
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Figure 6 - Finite element model.

For the experiments the impactor was a rubber membrane filled with water. For modelling
purposes, the incompressible fluid was modd led as an isotropic, eagtic materid with alow
Y oung's modulus and a Poisson's retio close to 0.5 to dlow congtant volume deformation.

Supports were placed dong the panel boundary to constrain the outer edge of the target in a
amilar fashion to the clamps used in the experimenta program. For both the soft and rigid
body impacts the projectile is loaded with an initid velocity in the -y direction. After the
initiad time step the projectile is permitted to decderate and deform as required by the
contact. In both cases the projectile motion is norma to the target surface. Thisisin
contrast to the experimenta impacts where the impacts have an incidence angle. For
comparative purposes the normal velocity component of experimenta resultsis used for the
numerica amulations.

The continuum damage model requires three values to be input. Thefirg isthe damage
threshold, the critica vaue of the complementary for damage development. The second is
the gradient of the damage function and the lagt the maximum permissible vaue of damage
(drvex)- The vaues used for both andysesarein Table 1.

Damage Parameter Value
Damage threshold, rq 320
0.2

Damage function gradient, d

Maximum damage value, dmax 0.6

Table 1 - Honeycomb continuum damage model parameters.
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The numericd amulation of the soft impact event is outlined in Figure 7. The figure contains
eight sngpshots of the deformed mesh over atota e apsed time of about 4.7ms.
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Figure 7a- Soft impact model response steps1to4
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STRESS
CONTOURS OF DDAMA

0.0
0.4138E-01
0.8276E-01
0.1241

0.1655

0.2069

0.2483
0.2897
0.3310
0.3724
0.4138
. 4552

t = 26000

STRESS

CONTOURS OF DDAMA

0.0
0.4138E-01
0.8276E-01
0.1241
0.1655
0.2069
0.2483
0.2897
0.3310
0.3724
0.4138
0.4552
0.4966
0.5379
0.5793

STRESS
CONTOURS

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

STRESS

CONTOURS

0.
0.
0.
0.
0.
0.
0.
0.

0
0
0
0
0
0
0

£=22000

OF DDAMA

0
4138E-01
8276E-01
1241
1655
2069
2483
2897
3310
3724
4138
4552
4966
5379

5793

t = 30000

OF DDAMA

0
4138E-01
8276E-01
1241
1655
2069
2483
2897
.3310
.3724

. 4138

. 4552

. 4966
.5379
.5793

Figure 7b - Soft impact model response steps 5 to 8

During the impact event the soft body projectile deforms over the surface of the sandwich
causing ashdlow, large plan area, defect to remain in the sandwich. Accompanying this

defect is abulge on the reverse Sde of the sandwich. In fact, the reverse sde bulge is seen
in experimentd testing. By examining the contours of damage d it is possble to edimate the
extent of honeycomb crushing in the core of the sandwich. Figure 8 shows a detailed close-
up of the impact region with the damage contours displayed. The digtribution of the damage
islocated in athin layer of congtant depth below the skin of the contact. This closely

resembles the damage obtained experimentaly and illustrated in Figure 1. The physical
dimensions of impact damage are detailed in Table 2 with comparisons to the experiments.
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Figure 8 - Close up of impact damage zone with contours of damage d.

Quantifying Parameter Experimental Model Prediction
Core damage diameter (internal) 115 mm 110 mm
Core damage depth (internal) 35mm 3.7-5.1mm
Permanent damage depth (external) 23mm 4.8 mm

Table 2 - Damage comparison for anormal impact velocity of 27.9 ms™.

The experimentd impacts had an average impact diameter of 115mm. The damage
predicted numericdly isdightly smdler & 110mm. This variance can be attributed partly to
the modd of the soft body. In thisinstance the projectile does not quite deform to the same
extent asitsfluid filled experimental counterpart, reducing the contact area and
correspondingly the damage diameter. A further source of error may be attributed to the
numerica mode being a continuum whereas the experimental materia is a series of discrete
units. This means that damage may progress a an even rate throughout the continuum when
in the experimental case the damage occursin cdlular jumps of gpproximatey 3mm at a
time.

The depth of the core damage predicted by the numericd smulation is closeto that of the
experimenta tests. The mgjor issue is the upper and lower bounds for the depth of interna
damage predicted by the numerica impact modd. Outside the region of full honeycomb
collapse (d = 0.6) there exists agradient falling to d = 0 because the evolution occurred a a
finite gradient, limited by numerica gability. The red damage boundary may be expected to
liein a pogtion between the upper and lower bounds. Interpretation of the actual damage
boundary from the modd raises the issue of core damage as calculated by visua ingpection
of the experimenta specimens. For the experimenta case damage is quantified as the region
containing eastic buckling. This equates to a sep jump in the equivaent damage parameter
across the visual boundary from 0to 0.6. Itislikely however that compression failurein the
honeycomb core exigts in a boundary around the mgor dastic buckling regions on asmdler
scale amilar to the gradient boundary.

The externa damage volume predicted by the numerical modd over-estimates the
permanent deformation by afactor of two. Thisis partly related to relaxation that the defect

10
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region undergoes after impact and aso sectioning of the experimental panels. However, the
model has the advantage that it can predict the maximum indentation due to the impact. The
bulge on the reverse back face of the honeycomb sandwich that developsin the numerica
smulation is seen in the experimenta specimens.

The second numerica smulation andysed is the response of the sandwich to a“rigid”
impact. Theimpactor hasa 'Y oung's modulus of 15GPa. The velocity of the projectileis
reduced to 15.3ms™ normal to the sandwich surface. Along with the velocity the projectile
dengity is aso reduced to 825kg/nT giving an effective impactor mass of 142 grams
(impector diameter of 69mm). Figure 9 illudrates therigid body smulation after 28000 time
increments, atota egpsed time of 2.4ms.
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Figure 9 - Rigid body impact model damage.

The computed damage is best viewed in conjunction with Figure 2. The damage shown in
thefigureis an experimenta pand, impacted by the rigid body described above. The
boundary of the core crushing is depicted by arrows whilst the circled area represents the
left boundary of the core damage. Consderable defect recovery has taken place in the
figure of which alarge component occurs as aresult of sectioning the defect. A summary of
therigid impact testsis presented in Table 3.

Quantifying Parameter Experimental Model
Prediction

Core damage diameter (internal) 55 mm 44 mm
Core damage depth (internal) 3.7mm 45-55mm

Permanent damage depth (external) 0.7mm 3mm

Table 3- Rigid body impact damage comparison. (impact velocity = 15.3ms™)

1
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The numerical model gppears to under estimate the width of core damage. This under
estimate occurs because the mode does not sufficiently caculate low level core damagein a
thin layer at the defect boundary that occursin the experimental case. A component of the
lower numerica estimate may aso be attributed once again to differences in modelling the
damage formation in a continuum as opposed to acdlular structure that exhibits discrete
3mm jumpsin the Sze of damage. In thisinstance the damage is underestimated by
goproximately three cell diameters.

Concluding Remarks

A modd for non-metallic core crushing has been proposed based upon a combination of
eladtic, continuum damage and indadtic strain accumulation. The modd has been
incorporated into LUSAS[9]. Comparisons are made between the model and experimental
impacts and the following conclusions can be drawn from this work:

It is shown that a soft, compliant body impacting a Nomex core sandwich causes shalow
crushing of the core. In comparison, hard uncompliant bodies impacting the same
sandwich cause deeper damage that closdly follows the shape of the projectile.

A mode has been proposed and incorporated into the LUSAS finite element package.
Anayds of soft impacts usng this modd show good correlaion with experimentd pands
in terms of the damage diameter and core crushing depth. The permanent deformation
caculated by the moded is about twice experimentd for the panelsimpacted. Thisisdue
to acombination of time dependant recovery and aso the sectioning of the experimental
pand s to make measurements. It is an estimate of the maximum deformation in the pand

at peak impact.

The modd was used to smulate an impact by ahard body. The mode predicted the
behaviour of the hard impact to a reasonable degree with adightly smaler predicted
damage area but again greater permanent deformation.

The materid properties computed from datic testing give a good estimate of the values
required for the impact model. The use of a damage truncation level (d.x) in the damage
mode alowed good prediction of the likely damage depth.

The linear damage evolution function good numerica sability even at rdaively high
gradients. The damage was dlowed to evolve in conjunction with the indlagtic Srains that
aso0 added to the numerica stability of the process.
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