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Abstract

A coupled stress and energy criterion is used &dyaa crack initiation at the mesoscopic scale in a
four-layer plain weave glass-epoxy composite. Tiheiae of possible crack configurations is
restricted based upon optical microscope obsemnatad damage mechanisms on a specimen edge
during tensile testing. It is found that transveyaen cracking accompanied by yarn-yarn decohesions
around the crack tips is the first damage that couthe composite. For the stress condition @ th
yarns, a criterion developed for modeling failufeunidirectional plies in a laminate is applied.rFo
the energy condition, the difference between therg@l energies of an undamaged and a cracked
unit cell is calculated, using identical mesh tagi¢s. The energy criterion is found to be dominant
the studied case. It leads to an estimation ofcthek initiation strain much closer to experimental
observations by acoustic emission than the stréssion alone and allows to determine crack length
and orientation at damage onset. The coupled iomdeads to the conclusion that the yarn-yarn
decohesions are a direct consequence of the traesyarn cracks, and its length can be determined
through the energy criterion.

1. Introduction

The prediction of damage onset by means of nuniarodeling is one of the great challenges for the
industries using composite parts with textile reinéments. The mechanical performance of textile
composites depends on the reinforcement architectunich is defined at the so-called mesoscopic
scale (at which consolidated yarns are considesdibenogeneous material embedded in a matrix). It
has been shown in several studies that the locihadistribution and hence damage onset depends
not only on the weaving pattern, but also on tha yeaviness [1-2] and the relative shifts and mgsti
between the layers of the reinforcing fabric [3-#]is therefore important to take into account the
layer shifts and the effects of fabric compactioming the manufacturing process in order to ob#ain
reinforcement geometry for damage modeling thaldse to those of real composite specimens [5-6].

In most published works on damage modeling in leexiomposites, a stress based criterion is used to
predict damage onset from the stress fields oldainem a Finite Element (FE) model of a
representative unit cell (RUC) of the composite2[17-9]. It is often used together with continuum
damage mechanics approaches [1-2, 8] to modelftbet ® damage via a progressive reduction of
the material properties. However, these methodd teamesh depending results and erroneous
prediction of the damage propagation directionsl8,if no suitable regularization technique isdise
[11-12]. The latter leads to a non-local damageezomd hence avoids mesh dependence. In this case,
the FE mesh must be very fine compared to the gemnfeatures of the RUC in order to model the
experimentally observed localized cracks, whichiltesn high computational costs.
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An alternative approach, which is closer to theegxpental observations at the mesoscopic scale, is
discrete damage modeling [6, 13-14] by insertingcks directly into the FE mesh. A stress based
criterion seems to be appropriate to predict tlalctocation [6] but not its length. Furthermotesi
only a necessary condition for crack initiation lmait a sufficient one, as enough energy must be
provided to overcome the material toughness inrdalepen a crack [15-16]. The consequence of this
coupled stress and energy criterion is that at wstalss singularities or at non-singular stress
concentrations (as occur in the undamaged zondextife composites), cracks of finite size are
generated instantaneously [16]. The crack configamais given by the state that fulfills both the
energy and the stress criterion over the wholekcsacface for a minimum global strain. The coupled
criterion has been successfully used at the magpisscale to model the strength of an open hole
composite plate [17], at the mesoscopic scaleédipr delamination of angle-ply laminates [18], and
at the microscopic scale to analyze fiber-matrigafe@sion [19]. In this contribution, we present its
application to the prediction of crack onset ati@soscopic scale in a multi-layer woven composite.
In Section 2, the experimentally observed crackfigarations are presented with the aim of
restricting the possible crack configurations stddiumerically. Section 3 summarizes the procedure
of crack insertion into a meso-scale textile conteoRUC. In Section 4, the coupled criterion is
defined and its application to the case of texddenposites is explained. Section 5 presents thdtses
of this study.

2. Experimental observations

The composite under investigation consists of flayers of an E-glass fiber plain weave fabric
embedded in an Araldite LY564 epoxy matrix. Befoesin injection, the fabric is compacted in a
steel mold by tightening the screws that keep tloddnelosed. Rectangular specimens were tested
under monotonic tensile load using acoustic emisfik) sensors to detect damage onset and optical
microscope observations on the specimen edge ¢ondiee the crack configurations.

Warp
yarns

Weft
yarns Sia
A T e

FSEAy

D= DRr TR 3 N N
e e &

Unilateral decohesion

———— .
. "‘_"C-t P A A -
FRRR 3 :
ot T -
» "
0.2mm Tt
(b) (c)

Figure 1. Optical microscope observations of the specimeye @dth zooms on cracks of different
orientations and bilateral (b) and unilateral @)ntyarn decohesions at the crack tip.
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Figure 2. Amplitude and cumulated AE energy as a functiotensile strain.

The observed cracks extend through the whole yackriess in direction transverse to the fibers and
at different angles with respect to the loadingction (Fig. 1a). Both bilateral (Fig. 1b) and atdéral
(Fig. 1c) decohesions between yarns in contacblaserved around the crack tips. The crack initmtio
results in a spontaneous release of elastic enkagyenerates waves detected by the AE sensas. Th
first events were observed for a global strain.gf= 6.1010° (Fig. 2).
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Figure 3. FE mesh of the composite RUC (a) and the yarng (@)l Location of the yarn under
consideration in the undamaged state (c) and iaffertion of a crack into the mesh (d).

Martin Hirsekorn, Aurélien Doitrand, Christian Fago, and Vincent Chiaruttini



Excerpt from ISBN 978-3-00-053387-7

ECCM17 - 1 European Conference on Composite Materials
Munich, Germany, 26-30June 2016 4

3. Discrete damage modeling

The geometry of the reinforcement of a RUC is atadi by numerical modeling of the fabric
compaction taking into account the multiple corgaoetween the yarns. The result is close to the
reinforcement geometry in the real composite speessn[4]. A FE mesh of the composite RUC
containing the compacted reinforcement and its immatomplement is then generated using the
algorithm presented in [5]. Cracks are inserted the mesh by first remeshing locally the undamaged
mesh in order to represent the crack by the rendesleenent faces [20], and then doubling the nodes
at the crack surface. The FE mesh of the undamgktlis shown with and without matrix in Fig. 3a
and b. The yarn studied in the following is hightigd in Fig. 3c without and in Fig. 3d with crack,
where the element outlines are removed for the shlsarity. The node positions and the element
topology are perfectly equivalent in the undamaged the damaged mesh, which allows to compare
accurately both states in the following section.

4. Coupled stressand energy criterion for crack onset

The coupled criterion [15] states that two condisionust be fulfilled simultaneously to induce crack
onset. The stress condition requires that the whotéace of the crack is overloaded prior to crack
initiation [16], i.e.,

2

(0. ( J ( J
f= + + >1 (1)
Yt SLRT (1_ POy ) SFT (1_ PrrOn )

is fulfilled everywhere on the surface in the undged mesh, where the crack is going to be inserted.
The crack criterion chosen here is based on tinsvease tensile failure mode of a criterion devetbp
for UD plies in a composite laminate [21] and tfan®d into the coordinates normal to the crack
plane (), parallel to the fibersL) and perpendicular to the fibers in the crack el@n. Y, is the

transverse tensile yarn strenggfi and S% are the shear yarn strengths, gog and p;; are shape

parameters that take into account the coupling éetmcompressive stress and shear strength. The
values of the different parameters are summarizd@ble 1.

The energy criterion is fulfilled if the elasticengy released during crack initiation is at leagia to
the energy required to create the crack surface. fohmer is equal to the difference between the
elastic energy in the undamaged RW{D) and the elastic energi(d) in the RUC with the crack
inserted at the same global strain. The lattegisakto the crack surface multiplied with the cati
energy release rate of the mate@al The energy criterion can thus be written as

w(0)-w(d) = ASIG, )

whered is a parameter set defining the crack shape (positength, orientation, etc.) aniS the
crack surface area.

For a given crackl, the strain at damage onset is determined by ne&famg FE calculations, one on
the undamaged mesh and one on the mesh with tblke iaserted. Linear elastic behavior is assumed
both for the matrix and the yarns (see Table 1§ pioperties of the yarns are obtained from micro-

Table 1. Material parameters used in the FE calculations.

E" v B B vy ovip GF Yo St sk mePm G
GPa GPa GPa GPa MPa MPa MPa MPa N/mm

32 03 410 979 032 042 721 35 72 45 188 0.118
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meso homogenization [2], using the matrix propsrgesen in Table 1, a Young's modulus of 73.6
GPa and a Poisson's ratio of 0.3 for the glassdibEnhe stress criterion is determined on the crack
surface in the undamaged mesh. Using the propatiiprbetween the local stresses and the global
strain in the composite in the case of linear &gt the strain at crack onset predicted by tliess
criterion egressCcan be calculated as the lowest strain, for whiehstress criterion is fulfilled over the
whole crack surface. Since the energy differencBdn2 is proportional to the square of the global
strain, the strain at crack initiation predictedthg energy criteriofeneycan be determined from the
difference between the elastic energies obtaindid the two FE calculations as the strain, for which
this energy difference reach&SG..

5. Prediction of damage onset in a woven composite

In order to limit the number of FE calculations, first assume that the crack plane is normal to the
loading direction. The influence of the crack otéion will be presented in Section 6. Since thesst
criterion must be fulfilled f(> 1) everywhere on the crack surface, the fronthef initiated crack
follows the linef = 1 around a local maximum bin the case of a craak for which the stress and the
energy criterion are fulfilled at the same glob@hisl (Esues{d) = cenergfd)). Several FE calculations
have shown that for cracks that do not extend tiindhe whole yarn thickness, the energy criterson i
fulfilled for a much larger strain than the stressgerion. We therefore consider in the followingly
cracks that extend through the whole yarn thickia@ssapproximate the crack fronts by straight lines
The parameters describing such a crack are theigrosif its center X, y) and its length in yarn
directionl.

Fig. 4 shows the evolution of the crack initiatgtrain obtained with the energy criterion as a fiomc
of the crack length and of its position. A minimum strain af, __ =6.37[1C is found for a crack

energy
of a lengthl* = 2.02mm centered ak¥, y*). The energy criterion thus provides a lower firfir the
strain at crack onset. At a global strain&yf . the stress criterion is exceeded everywhereeén th

yarn § between 1.1 and 1.4). Hence, in our case, theygmeiterion is dominant and the crack length
at initiation is given by the abscissa of the mimimof the curve shown in Fig. #). The predicted
strain is about 4% higher than the strain at dansaiget.,, detected by acoustic emission (Section 2).
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Figure4. (a) Minimum of the strain at crack initiation owée yarn as a function of the crack lenigth
(b) strain at crack initiation as a function of hesition §, y) of the crack center for the crack length
minimizing the crack initiation strain a,(y).

Martin Hirsekorn, Aurélien Doitrand, Christian Fago, and Vincent Chiaruttini



Excerpt from ISBN 978-3-00-053387-7

ECCM17 - 1 European Conference on Composite Materials
Munich, Germany, 26-30June 2016 6

It should be noted that the crack predicted bynti@mum of £____is centered not exactly at,

energy
but close to the maximum of the stress criterian{a& 3.31mm,yy° = 6.42mm). Most of the
distance to the poir{k*, y*) is in fiber direction ¥). The maximum of the stress criterion thus gives
a relatively accurate estimation of the locationthaf crack plane, but the crack is not centeredrato
(¢, ¥). The crack initiation strain obtained by mininmigicenergy@s a function of the crack length for
cracks located at, y’) is 6.8107% which is about 7% higher thasy, ., and 11% higher tham,,

The corresponding crack length is 3.4mm, whichigsicantly longer than the length of the
crack minimizingeenergy0Over the whole yarn.

The maximum of the stress criterion reaches 1 giobal strain of 2.70°% However, due to the
localized character of the stress concentratiothiatmaximum (even if there is no singularity),sthi
value depends on the FE mesh. Therefore, regulianzenethods based on a non-local measure of
stress (the average stress over a zone aroundakienom or the stress at a given distance from the
maximum) are often used to determine damage onstess concentrations. In the presented case,
the stress criterion exceeds 1 over the whole seirdda small semi-elliptical crack (half axes @

and 0.5mm) centered at’(y®) at a global strain of 2.80°. The energy released by the initiation of
this crack would reachSG. only for a much higher strain of 1710°. Since both conditions are
necessary, such a small crack cannot initiate eastiain predicted by the stress criterion. This, t
stress criterion alone, whether delocalizing regzddéion methods are used or not, significantly
underpredicts strain at damage onset. Without aegaltion, this prediction will in addition depeaod

the FE mesh, whereas the difference between tlsticelnergy of the undamaged and the cracked
RUC is almost mesh independent, because the differss calculated between two identical meshes
with the same node positions and element topolpgesept for the duplication of the nodes at the
crack surface.

6. Crack orientation and decohesions around the crack tip

The energy difference (Egq. 2) has been calculateddffferent crack orientations, in order to
determine whether a crack plane normal orientethatngled # 0° from the loading direction leads to
higher energy releases and thus the initiationuchsa crack occurs at a lower strain. For the crack
minimizing the energy criterion (located at,(y*) and of lengthl*), the minimum crack initiation
strain is indeed obtained for a crack normal toltlaeling directionq = 0°). The same study has been
repeated for different crack lengths (Fig. 5a) &nddifferent crack center locations, leading te th
conclusion that at least within a limited zone aeux*, y*) the optimum crack orientation is
independent of the crack position and length amd tteus be optimized separately. This greatly
reduces the number of FE calculations necessatgtaymine the crack configuration at damage onset.
It should also be noted that the crack orientatinay well be different frond = 0°, if a different RUC

or a different yarn (for the initiation of th&*r 3¢ crack, for example) is studied.

Experimental observations (Section 2) show thaistrarse yarn cracks are usually accompanied by
yarn-yarn decohesions around the crack tips. Toexefdifferent crack configurations, with and
without unilateral or bilateral decohesions weralgred in terms of the stress and the energy
criterion. Whereas the stress criterion is notilfatf on the yarn-yarn interface, the energy cidter
yields a smaller initiation strain for small decsioe lengths (up tqu* = 0.09mm) than without
decohesions (Fig. 5b). This means that at damagget,omo decohesions will be generated, because of
the stress criterion, but as soon as the yarn teaked, a stress singularity emerges at the cipck t
Therefore the stress criterion is exceeded locaflyund the crack tip, allowing decohesions to
propagate. Since at the initiation of the trans¥ef@rn crack, the global strain is already higlhent
energetically necessary to open the crack togstitbrthe decohesion (equality of Eq. 2 for the ltota
surface of crack an decohesion), the decohesidrpmipagate instantaneously up to the lengthat
which the equality of Eq. 2 is fulfilled for therain at crack initiatiore

energy*
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Figure 5. Damage onset strain obtained with the energyrmitdor a crack centered at*( y*) as a
function of the crack orientation for different ckdengths (a), and as a function of the decohesion
length for a crack of length and6 = 0° (b).

7. Conclusions

Prediction of crack initiation in textile composteith a stress based criterion can lead to afgigni
underestimation of the strain at damage onseteafggnaspects are neglected, and even if delocalized
criteria such as the average stress or the paoigsstnethod are used. Comparing the energy released
by the crack initiation to the energy required &ngrate its surface yields an estimate closer to
experimental observations by acoustic emissionhWits energy criterion, the crack configuration
(location, length, orientation, and decohesion igomation and length) can be determined. The
number of calculations required to determine th&ckcrinitiation configuration grows, in theory,
exponentially with the number of parameters deswyilihe crack. However, some parameters are
uncoupled, which reduces the computational costsheé presented work, the coupled criterion has
been used to predict the first crack initiationthe future, the criterion will successively be lggabon
cracked RUCs to determine the cracking sequencelamége kinetics in textile composites, as well
as to study the influence of the material pararsetardamage onset and evolution.
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