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Abstract

This paper deals with impact damage, permanentnitadion and compression after impact
(CAI) modelling. A model enabling the formatiordaimage developing during low velocity /
low energy impact test and CAl test in laminatechgosite panels has been elaborated. The
different impact and CAl damage types, i.e. matrixcking, fibres failure and interfaces
delamination, are simulated. This model is compaieaexperimental tests and is used to
highlight the failure scenario of laminate duringsidual compression test. Finally the impact
energy effect on the residual strength is evaluatedicompared to experimental results.

1. Introduction

Composite materials have been increasingly intredun airframe and space applications in
the last decades because of their interesting cleaustics, like their low specific weight,
enhanced mechanical strength, high stiffness...eNleeless, during the structure’s life,
damage induced in these materials by impacts obmand major objects, like hail stones,
runway debris or dropping tools, can drasticallgrdase the structure’s life.

Low velocity impact is one of the most critical thag for composite laminates. Indeed, for
structures submitted to low energy impacts or motgects drops, like tools during assembly
or maintenance operations, composite laminatesatevérittle behaviour and can undergo
significant damage in terms of matrix cracks, fdbbbeeakages or delaminations. This damage
Is particularly dangerous because it drasticaljuoes the residual mechanical characteristics
of the structure, and at the same time can leaverylittle visible mark onto the impacted
surface [1].

Consequently, it is essential to define a damalgeatioce demonstration to design this type of
structure in order to take into account the possddamage. In the field of aeronautics, the
damage tolerance, for damage corresponding to imjpading, drives to dimension the
structure depending on the impact detectability [Rfhe damage is not detectable, in fact
when the impact indentation is less than barelibddasmpact damage (BVID), the structure
must support the extreme loads and if the damagketisctable, in fact when the impact
indentation is bigger than BVID, another criterioust be considered, like repair or change
of the structure [3, 4].

Then, in order to be able to numerically optimizeomposite structure with impact damage
tolerance concept, it is necessary to simulatd thié same model, the impact damage, and in
particular the permanent indentation, and the @4t to evaluate the residual strength versus
impact energy and permanent indentation. Thisassttope of the proposed model which is
able to simulate the impact and the residual sthetest.
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In the literature, many authors have studied imgmsttaviour of composite structures and
their effects on residual strength, both experi@én{l, 5, 6...], as well as numerically [1, 7,
8...], but a few works deal with numerical model takiinto account impact and CAI
modelling. The Faggiani and Falzon’s [9] work shlibdde noted, because it is, to our
knowledge, the only model of literature used towdate impact and compression after impact
tests on a real structure. The numerical correlag@ems to be good on time-force history, on
damage shape and on residual strength. Neverthilesasufficient knowledge of the real
impact damage obtained experimentally inducesadiffievaluation of the reliability of this
model. In particular the ultrasonic investigatig@sScan) given in this study do not allow to
experimentally determine the delaminated interfacds|pe and other experimental
investigations, as micrographic cuts or following image correlation during compression
after impact test, should be necessary to evathateeliability of the model.

Here, this research paper is a complementary wapkl fBouvet et al. [10] who have
developed an impact FE model, aiming to model impgamage and permanent indentation.
This model is improved and is used to simulateGlAe test. In particular the fibres failure
criterion under compression solicitation, whichoisfirst importance during CAl test, has
been modified. Finally this model is compared wettperimental results of CAI tests with
different impact energies. It allows to globallynsilate impact damage, as delaminated area,
fibres failure or permanent indentation, and thd @&mage, as fibres failure propagation or
local buckling of delaminated zone.

2. Experimental study
Impact tests were performed in drop tower systeign (fa) with an impactor of 16 mm
diameter and 2 kg, according to Airbus IndustriestTMethod (AITM 1-0010) [11]. The
dimension of rectangular specimen is 20050 4.16 mni simply supported to a boundary
condition of 75x 125 mnf window (fig. 1a). The laminated plate is manufaetl with
T700/M21 unidirectional carbon/epoxy composite d6mm ply thickness, with stacking
sequence [f) 45, 90, -45]s. Then CAI tests were performed on a hydraulic rmeghthe
specimen being stabilized by a 90140 mnf window (fig. 1b), according to Airbus
Industries Test Method (AITM 1-0010) [11].
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Figure 1 (a) Impact test setup; (b) CAl test setup

3. Numerical Modelling

In previous study, Bouvet et al. [10] presentedsaréte 3-dimensions model of impact with
special mesh construction, oriented in 0°, 90°, @&d -45° (fig. 2b). Positions of nodes are
uniformly stacked in row and column for all ply emtations but the shapes of mesh are
different: 0° and 90° plies are meshed in squaapshwhile 45° and -45° plies are meshed in
parallelogram shape to follow the fibre directiohhe model is simulated in explicit/dynamic
response in Abaqus v6.9 with user subroutine Vukatording to experimental observation,
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impact damage can be separately modelled in (ig fibilure, (ii) intra-ply matrix cracking

and (iii) delamination in-between plies (fig. 2a).
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Figure 2 Model of (a) impact damages and their elementsyped (b) mesh shapes in each oriented ply

3.1 Modelling of fibre failure

The fibres failure is taken into account using Uil criterion written inside the volumic
elements. This criterion is based on the fractueehanics in order to be able to dissipate the
critical energy release rate in opening mode (mpdkie to fibres fracture (fig 2a). In fact,
the behaviour laws at the 8 Gauss points of a vid@hement are driven together to dissipate
the same energy as the critical energy releasemratede | of a plane crack normal to the
fibre direction through the element. Then for tensffig. 3a), the material parameters (table
1) are the Young modulus'Rhe failure strairg,' and the critical energy release raté GOf
course, the classical elastic characteristics efgly, & the Young modulus in transverse
direction,vy; the Poisson’s ratio and;@he shear modulus, are also needed. For compnessio
(fig. 3a), a crushing plateau is added, and thesriztparameters are the Young modulifs E
the failure straire,’, the critical energy release rat¢ @nd the plateau strees. The energy
release rate for compression is very difficult Waleate and the meaning of this value is very
complex [12] and seems to correspond to initiatialue but not to propagation. In fact, for
this modelling, the propagation value is neededtanavercome this problem, an artificially
low value (table 1) was adopted in order to avdits phenomenon dissipates too much
energy. This point is currently studied and shdaddconfirmed with other experimental tests
inducing compression fibre failure.

o o (o] Ol
[} -
2 a° 0
n . ! Out-of—plane i In-plane
N\, Tension (Mode 1) Mode Il + Mode I1I)
(i) o |/ d o
CEE d’ G dy°
& & Strain e t
-« € t € t GIII
To P 0 11
Y/ |0 (i |
X (i) Damage initiation |
Compression (if) Damage propagation
o’ >G
GII GI
GII
-a- -b-

Figure 3 Behaviour law of (a) fibre failure in longitudinal direction;
(b) Delamination in mode | and linear coupling fracture m&les

3.2Modelling of matrix cracking
A particular meshing of matrix cracking, in-betwearighbouring volumic elements, is
introduced to non-thickness 3D cohesive elementgrface elements) in the fibre direction
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(fig 2). Quadratic classic criterion of matrix ckawy was then applied in these volumic
elements. As soon as this criterion is reacheceeitth one or both neighbouring volumic
elements, transverse stress in cohesive elemesttohiae lost and its stiffness is turned to
zero, meaning that the matrix is broken. Then liig lamage type, the material parameters
(table 1) are the matrix transverse failwé and the shear failure stresg. The use of
interface elements to take into account the mataxking allows to respect the discontinuous
character of this damage and to obtain, withoutteh&l parameter, the coupling between
this damage and the interlaminar damage, i.e. dedimons. The proof of the relevance of
this modelling type has yet been showed in thegdlitee [13].

These matrix cracks interface elements are alsd tessimulate the permanent indentation.
Indeed the permanent indentation seems to be, imigiortant proportion, due to blocking
system of impact debris [14] and this phenomenos talien into account in the proposed
model. To do this, a “like-plasticity” model [15]a8 introduced in the matrix cracking
interfaces in order to limit their closure aftedldee in tension ¢;) and in out of plane shear
(t1,) directions. Consequently, two additional matepatameterse’ the dimensionless size
of debris and ktheir stiffness, are necessary to take into adcaébe@ phenomenon of
permanent indentation. These 2 parameters arecudiffto associate to classical material
parameters evaluated on classical tests and irafadlirectly evaluated thanks to a reference
impact test. Then this evaluation process limits ghedictive character of this model, and in
particular for the part linked to permanent indénta Other works are currently in progress
in order to evaluate these parameters with othérsanpler experimental investigations.

3.3Modelling of delamination

Delamination, formed between different orientatiplres, is normally taken into account
thanks to interface elements based on fracture améch (fig. 2a). Non-thickness 3D cohesive
elements joint lower and upper volumic ply elemefitse initiation of delamination is based
on quadratic criterion, similar to this one of matracking and its propagation on a linear
coupling in 3 modes (fig. 3b). The mode | (openirg)n the thickness direction normal to
delamination plane, while mode Il and mode Il assumed to be equal, in the in-plane
directions. Two additional material parameterstaes needed, the critical energy release rate
for delamination propagation in mode f'@nd in mode 1l .

E' Ef E: v Git Otf Tnf G* Gy’
(GPa) (GPa) (GPa) It (GPa) (MPa) (MPa) (N/mm) (N/mm)
130 100 7.7 0.3 4.8 60 110 0.5 1.6
g g° G (N/mm) | G°(N/mm) | agovPa) | &’ k; (MPa/mm)
0.016 -0.0125 133 10 -200 0.02 10000

Table 1 Material properties of T700/M21 for numerical siation

4. Experimental validation of modelling

The composite plates were tested experimentallyramderically, at 1.6, 6.5, 17, 26.5 and
29.5 J of impact energy and the corresponding Cétstevere performed. The simulation is
performed in three steps (fig. 4). The first stepresponds to the impact test, this step
duration is about 5 ms. After this step, the impdatnage is obtained and in particular the
permanent indentation. The second step consistierstabilization of oscillations due to

impact and the modification of the boundary comdisi to set up the CAIl's ones. Finally the
third step consists in the CAl step and the finatture of the plate. The total calculation time
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of this model is approximately 12 hours with 8 CRM#hout optimization of the modelling
to decrease this time.

Step-1 Step-2 Step-3
Impact Stabilization & CAl's BCs CAI

a v v

Figure 4 The three steps of the simulation: Impact test&bilization of the plate and CAl's boundary
conditions (b); and CAl test (c)

4.1 Numerical and experimental comparison of impest

The comparison between the delamination areashantbice-displacement curves, obtained
numerically and experimentally, are shown in figbrdt should be noted in this figure that
the 1.6 J test is not represented because no delaam, nor experimentally nor numerically,
is observed. Moreover an experimental problem ditlallow to obtain the 17 J curve. A
relatively good correlation is observed between efiody and experiments, in particular the
shape of the delaminated interfaces are well sitedjseven if the area of the first interface,
non impacted side, is overestimated for the highesérgies. The simulated force-
displacement curves take into account the diffestiffness decreases: the first one at about
2 mm-displacement is soft and mainly due to delatons, and the second one, at about
5 mm-displacement is strong and mainly due to fibilere.
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Figure 5 Delamination areas and force-displacement curf/@apact tests
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These fibre failures can be observed after 29.5p&amnin the central zone under the impactor
(fig. 6). It can be noticed in this figure that prthe half-plate is drawn and that the deformed
shape is free of exterior loads and due to thee“plasticity” model in the matrix cracking
elements above mentioned. These fibre failuresnaialy due to tension failures and only the
zone just under the impactor, impacted side, ptesszmpression failure. Moreover a fibre
failure crack in compression is observed impactdd sght next to the impact point (fig. 6).
This crack concerns only with the first 0° ply, iagbed side. Of course due to the symmetry
of the modelling, this crack exists “virtually” dhe other half-plate. This crack reveals to be
of first importance during CAl, because its progeagainduces the final fracture of the plate.
In fact, this crack is not so obvious on the expents: a little crack can be observed right
next to the impact mark but its length is only & faillimetres and its orientation is not in the
90° direction but more circular. Then this crackoigerestimated by the modelling, and the
criterion of compression fibre failure should bepnoved to better take into account this

damage.
Failure in tensiol
Tensiol sta_lt( Fibre failure crack
Compressio state

Failure in compressio

Fibre failure in tension  Fibre failure in compression

Figure 6 Impact at 29.5 J: fibre failure in tension and poession after being impacted

4.2 Numerical and experimental comparison of CAl te

The comparison between the experimental and nuatle@al tests after a 29.5 J impact is
shown figure 7. The stress-displacement curve {i&.corresponds to the curve of the mean
stress, evaluated by dividing the load force by $ketion, function of the longitudinal
displacement, in the 0° direction, imposed duringl @st. For the stress-deflection curve
(fig. 7b), the deflection corresponds to the ouplaine displacement of the plate centre due to
buckling. The fields of longitudinal strain, wheiee experimental field is obtained thanks to
CCD cameras and image correlation, are also drawims figure (fig. 7c) for different loads.
The strain scale is chosen to obtain red coloupsitive or null strain and purple colour for
strains which are less or equal than compressitmdastrain of T700/M21¢,° = -0.0125).

The stress-displacement curve (fig. 7a) shows thatl experimental failure, the modelling
well simulates the experiment, however after tlusf the final failure numerically obtained
is not sharp enough. Nevertheless the ultimatssigewell predicted because the additional
stress during failure propagation is very weak.sTimal failure propagation, numerically
obtained, is due to the propagation of the compedwilure crack above mentioned. This
propagation is observed on the strain fields nura#yi obtained (fig. 7c). This propagation is
also seen on the strain fields experimentally oleidi even if this propagation seems faster
(between about -120 and -149 MPa). Moreover thekcoes not seem present before -
120 MPa, contrary to the modelling, but in factsitnot possible to observe it because the
image inter-correlation takes as reference imagedéformed shape after impact. Then the
experimental strain field, obtained by image catieh, is artificially considered null after
impact, which is not the case for modelling. Therefthe comparison between these two
strain fields should be taken with caution.
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The stress-deflection curve shows the classicahgmenon of impact damage buckling
during CAI test. This phenomenon is partially siatatl by modelling even if it is
overestimated.
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Figure 7 CAl at 29.5 J: stress-displacement (a) and strefiealion curves (b); longitudinal strain field9 (c

Afterwards the evolution of the CAI strength versupact energy and indentation are drawn
(fig. 8). Globally the tendencies of the impact rgyeinfluence are simulated but some
improvements are yet necessary. For example, thé siAngth of the 1.6 J impact is
overestimated. In fact, this impact induces nomeiation and almost no damage, and then
the plate failure is due to buckling or pure comspren. The buckling strength of this plate
simply supported on 4 edges is about 300 MPa am@&dmpression failure strength is about
500 MPa. The experiment shows effectively a failatr@about 300 MPa, due to buckling, but
the model overestimates this value, due probabbtringer boundary conditions compared
to experiment.

The CAI strength of the 6.5 J impact is underedihaThis should be due to overestimation
of the impact damage by modelling, as for examipéedompression failure crack, right next
to the impact point.
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Figure 8 CAl strength versus impact energy (a) and indemtab) numerically and experimentally obtained
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5. Conclusion

A model enabling to simulate the impact and CAldesn composite laminated plates has
been elaborated. It allows to globally simulate actpdamages, as delaminated area, fibres
failure or permanent indentation, and the CAIl daesags fibres failure propagation or local
buckling of delaminated zone. It allowed to highlighe failure scenario during CAl test and
to confirm the concurrence of two phenomena; thd Wweown buckling of the impact
damaged zone, and the propagation of a crack rigkt to the impact point. This crack,
situated on impacted side, is a compression fialeré crack created during impact which
propagates under compression stress during CAlselltwo phenomena develop together
during CAI and induce final failure of the plate.

Finally, this modelling allows to numerically estite the permanent indentation after impact
and the residual strength and could allow to nucadlyi optimize this plate with impact
damage tolerance.
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