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Abstract

Stacking sequence is an important effect in opitmgizomposite structures subjected to the
low-velocity impact. This paper presents 7 out 8f pbssible configurations made of 8-
double-ply, mirror-symmetric, quasi-isotropic, TI®O/M21 laminated plates, oriented at 0°,
90°, 45° and -45°. Thanks to discrete modellinghwitterface finite elements based on
fracture mechanics, a finite element model simglat@pact damage. The numerical
simulations can well predict the impact damage oles® in experiments. Comparison of
stacking sequence effect in term of areas and shapédelamination, and fibre failures are
discussed.

1. Introduction

Low-velocity impact on composite structures carupedtheir strength up to 50% [1]. In order
to improve impact resistance, changing stackingisece can be one of the most effective
factors [2-4]. After being impacted, the structusesuld be able to withstand other load cases
during their service life until the impact damages lbeen detected. Compression After Impact
(CAl) is often considered because it is more desitre than other load cases. This leads to
overall concept of impact damage tolerance optitiinaThus, a proposed stacking sequence
must have good properties to resist not only oyttahe load from impact, but also in-plane
load after impact. Many pieces of research on tfezteof stacking sequence on low-velocity
impact have been elaborated both in experimentdl rmmerical studies. Fouss et al. [2],
investigating delamination of stacking sequences wifferent parametric studies of quasi-
isotropic layups, found that damage areas wouldelatively high if the interface angle is in
range between 30° to 75°, as well as suggestingvtid ply-grouping. However, this FE
model was based on linear quasi-static analysteadsof dynamic impact analysis. Hitchen
and Kemp [3] recommended placing +45° plies onl#minated outer surface in order to
reduce delamination areas, which directly affectl G&ength. Lopes et al. [4-5] studied a
traditional layup, combining 0°, 90°, 45° and -48fes. To improve the impact resistance,
two alternative layups with non-traditional orieimas such as 5°, 15°, 70°, were tested.
Lopez et al reported that the alternative layupd baobvious improvement on impact
resistance; nevertheless, the FE model could presengood correlation between
impact damage and dissipated energy - even thauginsumed time and processing power,
approximately 5-6 days with 32 CPUs.
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This research is supplementary work from Bouveale{6-7], who have been developing
impact FE models aiming to impact damage toleramzkpermanent indentation. In order to
ensure the robustness of the reference models7ij §d to carry on optimizing composite
structures, the effect of stacking sequence isntakéo account. The reference stacking
sequence is an 8-double-ply, mirror-symmetric, gismdropic laminated plate of
T700GC/M21 (carbon/epoxy): [8°45%, 90%, -45%]sym Which contains equal number of ply
in each orientation. It should be noted that, i tiference stacking sequence, double-ply in
same orientation are bonded together to facilitafgct damages observation and to facilitate
FE model simulation, which is currently not applied industrial purpose. In this research,
the effect of changing stacking sequences basedeoreference layup will be studied.

Both experimental and numerical FE model resultslvei presented in this paper. However,
the permanent indentation and the CAIl will be meiuded. The main objective of switching
stacking sequences is to numerically optimize tinectires due to impact resistance. The
impact damage will be observed and modelled to avgithe material law of fibre failure,
matrix cracking and delamination. Following thedstuan appropriate position of each ply
orientation should be guided for the purpose oifraless impact damage and gaining better
CAl resistance. Moreover, the simulation could ajgee a better understanding of impact
damage phenomena.

2. Experimental study and specimen configurations

Impact tests were performed in drop tower systeth am impactor of 16 mm diameter and 2
kg, according to Airbus Industries Test Method (MITL-0010) [13]. In each impact test,
approximate impact energy is set to the heightropdveight in term of potential energy.
Before impacting onto the specimen, the initialoegly is measured by an optical laser. Also,
a force sensor is placed inside the impactor ireotd measure contact force during the
impact. All data are recorded in an oscilloscop&kok@wa DL708. The impact energy can
then be confirmed by integration of force and wadtidisplacement (plate deflection), which
also allows for evaluating dissipated energy. Timeedsion of rectangular specimen is 200
150x 4.16 mni simply supported on a 36125 mnf window, as shown in Figure 1.

016mm — 2kg

Figure 1 Impact test setup with the boundary condition

According to the reference case, 8-double-ply la§ug6 mm nominal ply thickness) of UD
carbon-epoxy T700GC/M21 were manufactured on 0°, 88° and -45°. Thanks to mirror-
symmetric consideration, changing ply orientatiloves having 24 possible configurations.
The results will be duplicated because they arensgtry along longitudinal axis. Therefore,
they were then reduced to 12 study cases. Howtvezduce the manufacturing process, only
7 configurations were experimentally tested, as reanzed in Table 1. Two specimen
configurations having 90°-rotated are named withgame beginning letter, listed in Table 1.
The quasi-isotropic reference layup Al containegBtacked at a constant interface angle of
45°. However, when ply orientation is changed, riaiee angle of 90° becomes unavoidable
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in the layups B1, B2, C1, C2, E1 and E2. Thereftre effects of interface angle 45° and 90°,
which affect total impact damage, will also be stdd Delamination areas are observed by
ultrasonic C-scan technique, and a major fibreufailcan be indicated at dramatic load drop
in force-time curve. The lamina properties of thatenial from [11-12] are summarized in
Table 2

Layup Name Stacking sequences Experiment Remarks

Al [0°,, 45%, 90%, -45%] <y v Reference case
A2 [90°, -45%, 0%, 45%] 90° rotation of Al
B1 [0°%, 45%, -45%, 90%] oy

B2 [90°, -45°%, 45°%, 0°%]syr 90° rotation of B1
C1 [0%, 90%, 45%, -45%] sy v

C2 [90%, 0%, -45%, 45%]yrr v 90° rotation of C1
D1 [45°%, 0%, -45%, 90%]syr v

D2 [-45%, 90%, 45%, 0%y v 90° rotation of D1
El [45%, -45%, 90%, 0%]syr v

E2 [-45%, 45%, 0%, 90%] sy v 90° rotation of E1
F1 [45%, 0%, 90%, -45%] sy

F2 [-45%, 90%, 0%, 45%] ey 90° rotation of F1

Table 1 Total possible stacking sequences with 7 experiahéested cases

trac comp rupt rupt
E; E, E, Gy o, Tyt

t
(GPa) (GPa) (GPa) (GPa) “* (MPa) (MPa)
130 100 7.7 48 033 60 110

Table 2 Mechanical properties of T700GC/M21 unidirectiopB/

where, for a ply,E{"*, E;°" E,, Gy, v, are the Young's modulus in tension in fibre
direction, the Young's modulus in compression iordi direction, the transversal Young's
modulus, the shear modulus, and the Poisson’s idif8°, 7;/** are the transversal strength,
and the in-plane shear strength, respectively.

3. Numerical Modelling

In previous study, Bouvet et al. [6-7] presentatistrete 3-dimension model of impact with
particular mesh construction, oriented in 0°, 9B; and -45°, as illustrated in Figure 2b.
Positions of nodes are uniformly stacked in row aaldimn for all oriented plies. However,
the shapes of mesh are different: 0° and 90° pliesmeshed in square shape, while 45° and
-45° plies are meshed in parallelogram shape iardadfollow the fibre direction. The model
is simulated in explicit/dynamic response in Abaq&9 with user subroutine Vumat.
According to experimental observation, impact dagsagan be separately modelled in (i)
fibre failure, (ii) matrix cracking in intra-ply ah(iii) delamination between plies, as shown in
Figure 2a.

Matrix cracks y  0°ply ,  90°ply
(interface element) i

y 45° ply y -45° ply

Delamination

\ i
(interface elements) Fibre failure
(volumic elements)

-a- -b-

Figure 2 Model of (a) impact damages and their elementsyped (b) mesh shapes in each oriented ply [6]
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3.1Modelling of fibre failure

A double-ply, modelled in volumic element, is atderepresent the fibre failure, as illustrated
in Figure 2a. The failure criterion of fracture rhanics in mode | is applied at each Gauss
point inside the volumic element. As presentedigufe 3a, beginning with elastic behaviour
to the damage initiation (i) driven by the failgteain(e,). The strain at each Gauss points is
extrapolated to their nodes. As soon as the séitaome of the eight nodes reaches the failure
strain (Eqg.1), all of the strains at the eight gnégion points will turn to the damage
propagation state (ii) even if the rest have ndtrgached the failure strain. In this state,

thanks to the critical energy release rétﬂgfcibre), the fracture mechanics allow dissipating

energy by combining the energy together at all Ggagnts until reaching total propagation
damage. The equation of this relation is preseimt&a).2.

max(grilode) =& (1)

i=1§. 0
where, at each Gauss point, ¢/, ¢l are the longitudinal stress, the longitudinal iatréhe
strain at total propagation, respectivelf,.S are the volume and the cross section of an

element normal to the fibre directi ’;”’re is the critical energy release rate of fibre.

0 O g
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Figure 3 Behaviour laws of (a) fibre failure in longitudirdirection;
(b) delamination of linear coupling fracture in ®des [7]

This fibre failure law is used for both tension acoimpression. For the compression, a
crushing plateau stres?) of -200 MPa is added, as shown in Figure 3a. Atiogrto the
complexity of damage propagation in compressiorefitailure [9] and to avoid an excess
energy dissipation, an artificial critical energglease rate in compression (see Table 3) is
introduced which is mostly dissipated in the damaggtion.

3.2Modelling of matrix cracking

A particular modelling of matrix cracking is intreded using interface elements between two
volumic elements, which are normal to the transveisection and parallel to the fibre
direction, as illustrated in Figure 2a. Quadratessic criterion of matrix cracking (Eq.3) is
then applied in the volumic elements. As soon &schterion is reached either one or both
neighbouring volumic elements of the interface eetnthe stresses in the interface elements
are turned to zero, meaning that the matrix is énok
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+ 2 2 2
<:-g‘t;>pt) + (Tlt) +(th) < 1 (3)

2 -—
rupt
t (727%)

where material properties are mentioned in Tablie 2ddition to the matrix cracking, these
interface elements can also be used to model thegpent indentation (see more details in

[6D).

3.3Modelling of delamination

In general, the formation of delamination interaaith matrix cracking [1, 6-7]. For this
present discrete modelling, even if there is ngpting parameter of delamination and matrix
cracking, the discontinuity allows to have thisenaiction. Delamination is normally formed
between different orientation plies. It is theref@imulated on interface elements, joining
nodes of lower and upper volumic ply elements. kkato energy dissipation of fracture
mechanics, the criterion of delamination is simedlaas linear coupling in 3 modes: mode | is
in the thickness direction normal to delaminatidane, while mode Il and mode Il are in-
plane direction [6], as shown in Figure 3b.

Gy Gy Gl
Gdel + Gdel + Gdel - 1 (4)
Ic 1Ic 1lic

where G;, G, G;;; are the energy release rate of delamination in embdll and IIl,
respectivelyGae!, GA¢t, ¢! are the critical energy release rate of delanonaith mode |, Il
and lll, respectively. Material properties of T70DM21 from [8-11], which are used for the
modelling, are summarized in Table 3.

Fibre failure Delamination
fibre,trac fibre,comp del del
trac comp Glc GIc Glc GIIC
i & (N/mn?)  (N/mn?) (N/mn?)  (N/mn?)
0.016 -0.0125 133 10 0.6 2.1

Table 3 Material properties of T700GC/M21 for numericahsiation

Then, damage variable of the delamination, reptesgrthe delamination areas in each
interface layer, can be exported and overlaid, laimmio the experimental C-scan, called
“numerical C-scan”.

4. Experimental validation of modelling

Tests were carried out at 25J of impact energyesthe impact damage at this energy level
can be clearly seen both fibre failure and delatrona The results from numerical
simulations are in good agreement with experiméantsll different stacking sequences. The
calculation time of this model is approximately 4burs with 8 CPUs. Comparisons of
experiments and numerical simulations are preseagete followings:

4.1 Fibre failure and impact response

During impact response, major fibre failure cando@sidered as a dramatic load drop in
force-time curves, as presented in Figure 4. kample, case D1 and D2 can be obviously
seen the dramatic load drop both in experimentsnamderical simulations between 4-5 mm
of displacement. From numerical observation, ttienmmenon is induced by fibre failure in
tension under impactor at the plies between thellaiplane and non-impacted side, as shown
in Figure 5c. Moreover, the fibre failure in comggmn, normally occurred only in small area
under impactor, has less destructive effect thaansion, as showed in Figure 5c.
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Figure 4 Comparison between experimental and numericalad-s€ delamination areas, force-displacement
curves, and force-time curves of 25J impact tests.
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Another interesting case is C2. It has 90° plieshenexterior, lying in small edge direction of
the boundary condition. After being impacted, notyas permanent indentation observed.
Also, a crack due to fibre failure on the upperface (impacted side) appears due to the fibre
failure in compression induced by bending effestshown in Figure 5(a-b). This confirms
that the modelling of fibre failure in compressismecessary for impact damage. However,
the compression fibre failure in this model may teerestimated for other stacking
sequences, thus the behaviour law of fibre faifiiiteneeds to be improved.

C2[90%,0%,-45%,45%]s impacted at 25J D2 [-45%,90%,45%,0%]s impacted at 25J

Failurein tensior
Tensior state
e Compressio state

Failure in compressio Fibrefailurein compression

50 mn

N or

90°

Zone of major fibrefailure

Fibrefailurein tension
-a- -b- -C-

Figure 5: Compression fibre failure of impact 25J in cage[@D%, 0%, -45%, 45%]:
(a) crack from experiment; (b) damage variabledfifailure in the model; (c) fibre failure in tensiand
compression during impact at maximum deflectiondae D2 [-455, 90%, 45%, 0%]s

4.2 Delamination

In experimental, delamination areas are obtainedltsgsonic C-scan technique. In general,
delamination areas are dominant in the first iateef at non-impacted side. Besides,
delamination shape at each interface is alwaysiaiein the fibre direction of lower ply,
which is in accordance with the numerical simulasioas showed in Figure 4. For the two
laminated configurations that have 90° rotatiop, C1-C2, D1-D2 and E1-E2, it can be
remarked that the delamination shape seems amg 890° of another one. It means that the
delamination will form in the same manner regarsllesthe boundary condition. However,
the delamination area may still be different susltase D1-D2; and this assumption might be
true for certain impact energy which is not toohigor the effect of interface angle, the cases
that have both 45° interface and 90° interface,algi@1, C2, E1 and E2, are focused. It can
be noticed that delamination is more dominant ohiBterface, clearly seen in case E1 and
E2 (Figure 4) — also, the delamination of 45° if#tee is almost invisible. It means that when
45° interface and 90° interface are stacked togethe delamination is possibly occurred on
90° interface rather than 45° interface.

2000

[z] Experimen
H Model

=
o o
S O
S o

500

Delamination area (mfn
o

Al C1 C2 D1 D2 El E2
[0:45,90:-45]s  [0,90,45,-45]s [9020,-45,45]s [45,0,-45,90]c [-45.90,45,0s [45,-45,90,0]s [-45,45,0,,90]
Stacking sequences

Figure 6 Comparison of delamination area in different sitaglsequences

Figure 6 shows the comparison of delamination aréastly, the numerical simulation is in
good agreement with the experiments. Secondlyifferent stacking sequences demonstrate
the variation on delamination. For the case E1 BBdplacing £45° on outer surface may
improve the impact damage in term of fibre failubeg not for delamination. According to
these 7 studied configurations, case Al witlo@the exterior and a constant interface angle
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of 45° seems to be the best stacking sequencenfmadt resistance because there is no major
fiber failure, as well as having small delaminatimea. Further study in CAl is, however,
needed in order to prove that fibre failures anthmdeation have essential influence on
impact resistance.

5. Conclusion

With the same conditions, impact damages obviodslyend on the stacking sequences. It
can be represented mainly in delamination aredibrelfailure. Numerical simulations show
good agreement with the experimental results fércakes. It means that this model
improvement is robust and could well simulate thg@act damages even in different stacking
sequence configurations. To complete this studylalpossible stacking sequences will be
simulated and compared with each other. After tireenit results, CAl experiments and CAI
simulations need to be performed in order to obtiaénresidual strength after impact. Finally,
the robust model will be able to use to numericalpfimize the stacking sequence in any
configurations for industrial purpose to cut castrianufacturing process.
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