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Abstract

The sensitivity of composite structures to smaticks is a major issue. Nowadays, this
sensitivity is evaluated through cost effective eexpental campaigns. A way to reduce
testing is to resort to numerical evaluation of amp damage creation, then to use this
damage prediction to evaluate the loss of perforreant the composite structure. This paper
presents an impact modelling using recent develognef the Onera Progressive Failure

Models for the unidirectional ply behaviour and eslve zone models to study delamination.
Impact and indent tests have been performed to amnthe numerical results to the

experimental ones. The first results are encourggamd improvements to apply to the
unidirectional ply behaviour law have been idetifi

1 Introduction

Some critical parts of aircrafts are now made ahposite materials, thanks to their high
specific properties. However, these materials aaetiqularly sensitive to low-velocity
impacts. For example, a dropped tool during a reasmice operation or a shock during
manufacture can create internal damage that mighbae detected. Therefore, the possible
damage caused by an impact must be taken into mic¢coudesign composite structures.
Nowadays, the impact properties of composite materare estimated through heavy
experimental campaigns, repeated every time thermahts changed. Those campaigns have
helped to understand the main damage mechanisnts dupacts on composite materials [1-
3]. But the costs of those campaigns definitelydneebe lightened: hence the necessity of
numerical simulations.

For several years, Onera has developed advancedibehmodels for composite materials,
mainly for quasi-static and in-plane loading [4JurQyoal is to determine if we can extend
these models to dynamic and out-of-plane cases, lok-velocity impact events, and to
evaluate their ability to predict the damage statesich conditions.

The ply behaviour law and possibly cohesive zonelets that can describe both initiation
and propagation of delamination, are applied taraearical model built to reproduce a special
drop-weight impact test. Impact and quasi-statitstare performed for further comparisons
with the computational results.
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2 Material models

2.1 Unidirectional ply behaviour, damage and fadur

The Onera Progressive Failure models (OPFM) [4trdes the unidirectional ply behaviour
and predict the final failure of laminated specisefhe model coefficients are identified by
simple tests and this approach enables the predict the initiation and propagation of
damage in laminates. When the first cracks arectitethe unidirectional ply properties are
degraded to describe the damaged behaviour of lfheThen, when a catastrophic failure
mode is reached (such as fibre failure or matnitfa in compression), the behaviour of the
laminate is described by a softening law.

2.1.1 Behaviour of the ply

In order to accurately predict damage and failar&aminates, it is necessary to describe the
behaviour in a correct manner (correct estimatibistesses and strains) prior to the first
cracks. First, the unidirectional ply is assumedbéotransversely isotropic. The initial law is
non linear thermo-viscoelastic (1).

Uzé(g_gve_gth _‘Enl) (1)

The longitudinal elasticitye() is non linear, to describe the reinforcementeinston and the
softening in compression experimentally observed the fibre direction [5]. The
manufacturing process of laminates (autoclave glirinduces thermal residual stresses in
plies that have a significant role on the onsetrahsverse crack. In the OPFM, they are
classically introduced through a thermal strap, The viscoelasticity of the thermoset
polymer matrix is taken into account to model tloa finear response of the unidirectional
ply under shear loading but also the strain rdiectsf. The viscoelasticity is introduced in the
model as a viscoelastic straig, (2).

N
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i=1

The main idea of the non linear viscoelastic apghoa to assume that the viscosity can be
decomposed into elementary viscous mechanigpsdefined by their relaxation times and
weights. Moreover, @l is a non linearising function taking into accotim non linearity of
the organic matrix composite viscoelasticity, eisého accurately describe creep tests with
different stress levels.

2.1.2 Failure criteria

There are two criteria for each failure mode (lomginal and in-plane interfibre) and the
mechanisms involved in tension and compressioseparately considered. These criteria are
summed up in table 1.

In the longitudinal direction, the coupling is mdaetween the in-plane matrix damage state
d> and the tensile longitudinal strength. In-plane antiof-plane shear effects on longitudinal
compression strengths are taken into account.

In the transverse direction, the effect of earlyrdi failure is taken into account in the
transverse criteria threshold (through the variaian. The coupling between the transverse
compression and the in-plane and out-of-plane sluealings is made. The; pparameters
represent the reinforcement of the apparent mepasatrengths for high shear and low
transverse compression loadings and the weakeairghéar and transverse tension.
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X Yo Compressive longitudinal and transverse strengths
S5, S S5 Plane and out-of-plane shear strengths
S, S5t in-plane and out-of-plane shear strength in fibaee
fe_1, fs_1: Shape parameters

Table 1. Failure criteria of the OPFM for the unidirectiondy [6]

2.1.3 Damage behaviour
The damage modelling is done in the thermodynamaiméwork of irreversible processes.
Each failure mechanism leads to a deterioratich@faminate elastic properties (3).

S=8%+dH, +d,H, with C=S7" (3)
H, and H are the effect tensors associated to each danaagdble, respectively,dor fibre
failure and d for in-plane interfibre failure. These scalar abies represent the progressive
deterioration kinetics of the damaged ply. The ddgtion kinetics describes the evolution of
the effective rigidity of the ply, in the laminatgross the loading (4-5).
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The unilateral aspect of damage is taken into atcdthe unidirectional behaviour law has
been implemented into the finite element c@dset developed by Onera, Mines ParisTech
and Northwest Numerics & Modelling Inc. Links existuse it in other finite element codes,
like Abaqusor Samcef

2.2 Cohesive zone models

A major damage mode in composite laminates is dektion. In the previous model, the
effect of delamination is represented by theschlar damage variable, in the ply. But other
methods exist to model delamination between twesptif different orientations. Among the
different modelling techniques for delaminationhesive zone models can describe both
initiation and propagation of delamination. As théso aspects of delamination occur during
an impact event, cohesive zone models have beesechio this study.

A cohesive zone element is a surface element, whades are split in half. A cohesive law is
associated to the element, so that its nodes care mpe from another, according to the
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loading. When the damage variable associated tatheeaches its maximum, the element is
considered as broken. The breakage can occur mrgper sliding modes.

The normal (i) and tangential displacements of the element nadesfunctions of the
normal (T,) and tangential forces applied to them (Figureld)this study, the Crisfield
cohesive law [8] has been chosen. The initial slgpehosen as high as possible, as the
interface is initially supposed infinitely rigid. Mén the stress threshold,(fhax) is reached,
the element is softly deteriorated. The damagetbtif) is set (6), going from 0 to 1, where
the element is considered as broken.
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Figure 1. Crisfield behaviour law [8], represented for theening mode
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The main issue with the use of cohesive zone elesmeithe necessity to have a fine mesh, in
order to accurately capture the delamination itiitra It is also important to detect solution
jumps, especially in static resolution cases. Qiheemodels are identified by simple tests
(DCB, ENF), the purpose is to study their validity low-velocity impact cases.

3 Numerical models

The numerical model of the composite laminate ptafgesents the free part of a 100x100
mm?2 plate embedded between two steal plates wittmi#0 diameter holes in the middle

(Figure 2a). The target mesh is a 70 mm diameteular plate, with a 4.16 mm thickness.

This thickness corresponds to the one of a 164qolyinate. The chosen element type is the
linear full integrated prismatic element (C3D6 giiie 2b). The volume elements are required
for the use of the previous ply law. There is ofe@ment by ply through the thickness. In

order to limit the size of the numerical probleime mesh size is refined in the potential zone
of delamination initiation, and then the mesh dizearly grows to reach the maximum fixed

mesh size. In order to avoid perturbation by tmesst gradient due to the embedding of the
plate in the impact stress gradient, the mesHfisee near the bounds of the numerical model
of the plate. The value of the displacements of dineumference of the upper and lower

surfaces of the plate is maintained to zero (FiQa)e

Potential
delaminatior
propagation
zone

Potential

delaminatior = Ul=U2=U3=0
initiation

% = zone
(a) (b) (©)

Figure 2. Cut of the embedding device (&}setplate mesh (b) and boundary conditions (c)
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The 16 mm diameter hemispherical modelled impastdhe one described in the ASTM
standard for impact tesf8]. The impactor is meshed with linear full intaggd continuum 3D
elements with 4 nodes.

4 Experimental data

Drop-weight impact and indentation tests have bperiormed on embedded [(45°/90°/-
45°/0°)]s quasi-isotropic laminates made of T700GC carbberfiand M21 epoxy matrix
with a weight area of 268 gfin

4.1 Impact testing

Drop-weight impact tests were performed on a Dym@&®250 of GRC Instruments apparatus.
The original clamping device of the target was aept by the embedding assembly shown on
a, in order to have a better confidence into thendary conditions imposed on the numerical
plate mesh. The impactor is a 16 mm diameter hdrargpand weighs 6.36 kg [9]. Five
impact energies were chosen: 5, 10, 18, 20 and@igsl During the tests, the force history
was measured with a force cell and the displacesngthe point opposite to impact history
were measured with a laser. After the impact téisésresidual impact depth was measured by
digital image correlation (Figure 3a) and ultrasostans allowed to see the damage created
by the impact (Figure 3b). The damage depth map® weed to estimate the projected
damage area. Specimens impacted at 20 Joules @ sereasonable damage size for further
microscopic observation. Those specimens were ¢heto observe the different damages in
the plates (transverse cracks and delaminatiogur€&i3c).
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Figure 3. Residual depth (a) and damage through the thiskiegth (b) of a quasi-isotropic laminate impacted
at 10 J and micrograph the damaged zone of a trasdpic laminate impacted at 20 J (c). The iatnahar
cracks are colored in blue and the delaminatiaolsred in red.
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A classic impact pattern of failure is observedfigure 3c, which is a pine tree shape of
damage through the thickness. The upper transweesds of the cut edge are inclined at
around 53° and are due to out-of-plane stressesy Hne getting vertical, through the
thickness. The lower cracks are vertical due tplame transverse stresses and in-plane shear.

4.2 Quasi-static testing

The maximal impact forces measured during the impests were used to lead the quasi-
static tests. The displacement velocity of the pum@as constant (0.6 mm/min). Once the
demanded maximal force was reached, the punch reaglit back up at the same velocity.
During the test, the force history was measureti wiforce cell and the displacements of the
point opposite to the indent point were measureth vd linear variable differential
transformer. The slowness of the indentation tkstvad the use of acoustic emission during
the test, to monitor the damage evolution. Somis tezd strain gauges on the non indented
face for further comparisons with numerical resuftier the tests, the residual indent depth
and the damage created were measured and obsertrexisame way as for impact tests. The
indented specimens, corresponding to 20J impaase wut for microscopic observations of
the damage (Figure 4).

The damage created by indentation seems quiteicdeid the one obtained by impact. The
delaminated interfaces are the same. Indent tes$tasga better repeatability than impact
testing. Moreover, the instrumentation of the indest is richer, so that more information is
extracted from this type of tests. This is why in@ion tests are important to understand the
damage mechanisms that occur during an impact event

¥ '\j'}:.\ \\1 Y

Figure 4. Micrograph of the damaged zone of a quasi-isadtrizminate indented at 10 kN, equivalent to the
maximum force measured for the 20 J impact test. ifittalaminar cracks are colored in blue and the
delamination is colored in red.

5 Computational and experimental results confrontation

The finite element codg-setis used for a dynamic implicit resolution (NewtBaphson). In
Z-set the chosen contact management is the flexibitiigthod [10]. This method is not
intrusive but, for impact problems, leads to higimputation costs. 90 % of the computation
time is dedicated to the contact solve, which © lhigh. Improvements have been recently
done and are currently being implemented. In otdeget rid of contact iZ-sef a strategy
may consist in running a linear elastic impact pgoh to extract the effective contact nodes
displacements along the out-of-plane direction tansnpose them on the same nodes of the
plate mesh instead of the contact resolution. $tudbuld then be performed with richer
behaviour laws, in a more acceptable time. Comparibetween computational and
experimental results is done on a 10 J impact ddsenumerical resolution is made through
implicit dynamics and the contact problem is repthby the displacements calculated on the
nodes in contact during an elastic impact simutatibhe unidirectional ply behaviour is
applied to each ply of the plate model, accordmgfd orientation. Cohesive zone elements
are placed at each interface between two pliesfterent orientations, so that there are 14
interfaces modelled. The numerical problem is caosepoof 56,880 elements, which means

6
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92,349 degrees of freedom. The computation ladtedtall days on 4 CPUs of a 2.93 GHz
unit. Comparisons are made on the force historg, damage patterns and the estimated
projected delaminated area (Figure 5).

Projected delaminated area: 403.96+58.67 mm?
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Figure5. Force history (a), delamination (b, €) and damagéd) patterns obtained with the simulation without
contact of a quasi-isotropic laminate impactedGaidules.

The use of the cohesive zone models at all intesféww the numerical model is the only way
to capture the first drop in the force history. Tdmmputation suggests that this drop occurs
shortly after the first delamination. However, tim@del does not show the rise of the force
after this sudden drop. This may be due to the segalisplacements that do not take into
account a decrease of the plate stiffness, whicitddoe done with a contact algorithm. The

delamination pattern seems to agree quite well thighone observed after the impact testing.
The interfaces delaminating in the computation séenbe in good agreement with the

interfaces delaminated on the micrograph. The makamage pattern has the classical pine
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tree shape observed on impacted specimens. Fillweetaare detected by the model just
beyond the impactor. Those failures do not appeahe micrographs. The unidirectional ply
behaviour law is currently being improved to takéoiaccount the absence of failure in
hydrostatic loadings. The coupling between intratemnand interlaminar damage is actually
being identified for the unidirectional ply behawro

6 Conclusions

An impact damage prediction tool is currently elaved for laminates. It is based on the
unidirectional ply behaviour models developed aef@nand on cohesive zone models. In
order to validate these behaviour models for impases, tests have been performed on a
new drop-weight device. Simplified numerical sintida of the test conditions have been
performed for further comparisons of the damageepat especially delamination. The
numerical damage pattern is in good agreement thighexperimental one. This result is
currently being validated for other impact testesassuch as simply supported impacted
plates, and for other stacking sequences of thadtepg specimen. Numerical difficulties, due
to the high non linearities of the impact modellitgve to be overcome through explicit
dynamic algorithms, such asAbaqus/Explicit

Once the impact damage prediction tool is fullyike, it could be used to study scale
effects and damage tolerance in impact cases.
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