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Abstract

An Offset-reduced Unit Cell (OrUC) model of a 54regs satin weave is used to characterise
damage evolution in this textile composite. Noedinmaterial models for both yarns and
epoxy resin embedding the yarns are applied tontii@erical analysis. The epoxy resin is
represented by an elasto-plastic with damage ctutiste model while the yarns are modelled
making use of a transversely isotropic damage moesdntly proposed. Different loading
conditions are applied to the OrUC, allowing fordatailed study of damage initiation and
evolution inside the satin weave up until complatere.

1 Introduction

Thanks to the advance of computational power anchemigal tools, micromechanical

modelling of composite materials is now giving thest steps. The application of such
techniques to textile composites only now is prongdthe first answers. In this paper, a
numerical study on the behaviour of a 5-harness satave is performed, making use of an
Offset-reduced Unit Cell (OrUC) [1] which stronghgduces the required computations,
eliminates repetitive results and allows for a tgeaesolution on the results. Identical
simulations to the ones performed in the past féullaUnit Cell of 5-harness satin [2] are

performed and results compared.

For the micromechanical analyses, the satin weaveonsidered to be assembled by two
materials: the reinforcing yarns, and the embedépaxy. The yarns are considered to be an
homogeneous material and are modelled using a thgcproposed transverse isotropic
damage model [3]. The embedding epoxy matrix is etled using an elasto-plastic with
damage isotropic model [2]. Both constitutive maedélave been developed under the
framework of thermodynamics of irreversible proessand allow for a proper account of the
dissipated energy.
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2 Offset-reduced Unit Cells

Figure 1a) shows the weaving pattern of a 5-harsatss textile. This represents the Unit Cell

corresponding to this particular composite. Figli exhibits the corresponding Offset-

reduced Unit Cell (OrUC). The OrUC can be obtaibgdaking into account the symmetries

existing in the pattern of the woven. In the panac case of a 5-harness satin, different
OrUCs can be defined, but the one representedguar&ilb) is the simplest and easiest to
work with.

a) b)

Figure 1. Geometrical representation of a 5-harness sataverea) Unit Cell; b) Offset-reduced Unit Cell.

In order to impose material periodicity, periodmuimndary conditions (PBCs) were applied to
the OrUC, following [1].

3 Constitutive modelling

Each constituent in the OrUC — yarns and matrixs—modelled with an appropriate
constitutive model, as detailed next.

3.1 Epoxy matrix

The epoxy matrix is represented by an elasto-glasiih isotropic damage model [2]. The
non-linear behaviour of the polymer is capturechgsa paraboloidal yield criterion [4]. The
criterion considers both pressure-dependency of ntfagerial as well as different yield
strengths in tension and compression. The yielthsaris defined by:

(D(U,O'C,O't):&]z +2I1(ac —Ut)—ZUCO't @)

whereJ, represents the second invariant of the deviagtress tensot; is the first invariant

of the stress tensor, angl and o; are the yield strengths in compression and tension
respectively. In order to properly account for wvoktric deformation, a non-associative flow
rule is used, defined as:
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where the parameterrepresents a material parameter responsible éocdhrect definition of
the volumetric component of the plastic flow [5].tAermodynamically consistent damage
formulation is implemented with a damage activationction formally equal to the yield
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criterion, but using compressive and tension ultersrengths instead of yield strengths. The
damage activation function can thus be written as:

~
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c’tt

r,<0 (4)

where the invariantgd, and |, are determined using the effective stress temsmX; andX;
represent the compressive and tensile strengthitheolepoxy. The internal variablg, is
related with the damage variable responsible fagrating the stiffness of the material as
damage progresses. This relation is built uponagglication of a crack band model [6],
which regularises the energy released during dampeggagation as a function of the size of
the finite elements in the mesh, thus eliminatiresindependency aspects from the model.

3.2 Yarns

Yarns are regarded as homogenised material, mddbljea transverse isotropic damage
model recently proposed by Maimi et al. [3]. Thedalois capable of predicting both

intralaminar and interlaminar damage hanks tcited different damage activation functions:
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where g; represents the effective stress ten¥gandYr are the ultimate transverse strengths

of the unidirectional lamina in compression andsien, respectivelyXc and X; are the
ultimate longitudinal strengths of the unidirec@ramina in compression and tension,
respectively,S is the ultimate longitudinal shear strengH, is the longitudinal Young's

modulus and the operatér) is the McCauley operator defined (¢ := (x+|X)/2.

The internal variables; are defined in such a way as to respect the Kulokdr
loading/unloading conditions. The damage evolufiorctions were defined implementing a
crack band model [6] which accounts for the eneliggipated during the damage propagation
and eliminates mesh size dependencies.

The elastic and strength properties for the homisgen yarns were determined by
micromechanical analyses performed on a three-diropal representative volume element
(RVE) of the composite material. A batch of five RY was generated using a recently
proposed algorithm for the generation of randontrithistions of reinforcements with high

fibre volume [7] (Figure 2). Periodic boundary cdimhs were implemented on the generated
RVEs and appropriate loading conditions were agpieorder to determine the elastic and
strength properties of the homogenised yarns. Tablerovides the elastic and strength
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properties of the constituents — epoxy and carliane + while Table 2 provides the elastic
and strength properties of the homogenised mateviath will serve as an input to Maimi’s

constitutive model used in the yarns.

Elastic properties ASAfibres[8] Epoxy [9]
E: (MPa) 225000 3760
E, (MPa) 15000 3760
G12 (MPa) 15000 1350
Gz3 (MPa) 7000 1350
V12 0.39
Strength properties ASAfibres[8] Epoxy [9]
X1 (MPa) 93
Xc (MPa) 124

Table 1. Elastic and strength properties of constituentgaofs.

Elastic properties Yarns
E; (MPa) 138910

E, (MPa) 9380

G2 (MPa) 5080

Vo3 0.350

V12 0.245

Strength properties Yarns
Xt (MPa) 2056.5

Y+ (MPa) 67.7

Yc (MPa) 122.5

S, (MPa) 39.1

Sr (MPa) 47.9

Table 2. Elastic and strength properties of yarns after hgengsation.

4 Numerical analyses

Uniaxial tension, biaxial tension and in-plane shaaalyses were performed in order to
validate the use of OrUC instead of a full Unit IC@lhe fact that there is now a smaller
geometry to mesh opens up the possibility for arfiesolution in the stress analysis of the
most intricate regions of the satin weave, sucthasrimp region. Also worthy of mention is
the fact that, given the chosen implicit time imtgpn scheme, convergence is substantially
improved with the use of an OrUC over a full UCguitie 2 shows a detail of the mesh that
was used in all analyses performed.

Figure 2. Finite element mesh of the OrUC.

4
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Figure 3 shows the evolution of damage in the S48 satin under a uniaxial tension load
case. Load is applied along the direction of thepwarns (horizontal yarns in Figure 3). The
first signs of damage are visible close to the prarea in the warp yarns — Figure 3a). As the
load increases, transverse damage propagates lyoinaime warp yarns, but also the weft
yarns — Figure 3b). This leads to a decrease istifiaess of the material as the fibres in the
yarns will progressively lose their lateral suppdftansverse damage is caused by the
appearance of cracks in the matrix which embedsfibites in the yarns, and will easily
propagate to the matrix embedding the yarns — Ei§a) — until the crack reaches the surface
of the lamina.

a) b) ©)

Figure 3. Damage contours for OrUC under uniaxial tensigrnramsverse damage with 50% load; b)
transverse damage with 100% load; c) surface dragiatrix with 100% load.

Figure 4 shows the occurrence of damage in therieba satin under an in-plane shear load.
Under this kind of loading, transverse damage thénform of transverse cracks in the matrix

embedding the fibres in the yarns — will concesetrat the edges of the yarns, both weft and
warp yarns. Given the resilience of the matrix undere shear loads, damage will not

propagate swiftly from the yarns to the embeddirgirix and, under the applied load, no

damage in the matrix was registered.

Figure 4. Transverse damage contour for OrUC under in-piuear load.
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Figure 5 represents the evolution of damage underaaial tension load in one lamina of 5-
harness satin weave. This load case is extremeljasito a uniaxial load case, except that
now transverse damage will be active in equal veayboth warp and weft yarns.

a) b)

Figure 5. Damage contours for OrUC under bi-axial tensicams$verse damage with a) 50% load, b) 100%.

5 Conclusions and futurework

The presented work has allowed for the reductiothefsize of the cell of a 5-harness satin
weave to be analysed by means of micromechaniedyses. This grants the opportunity to
acquire with greater resolution the processes uwahin damage activation and propagation
in textile composites. The developed OrUC greatlyuces the required computational effort
and, thanks to periodic boundary conditions, amyloombination can be applied to it. In the
micromechanical analyses, the yarns are modelled) @stransverse isotropic damage model
for which the elastic and strength properties wdetermined using micromechanical
analyses. The embedding matrix surrounding thesyarmodelled with an elasto-plastic with
isotropic damage model. Uniaxial and biaxial tensend in-plane shear load cases have been
applied and the progression of damage in both taasts has been catalogued.

Next steps in this line of work will involve perfaing micromechanical analyses on the
OrUC under even more different loading schemes hvhiidl allow to plot a failure envelope
for this particular type of weave. There is alse ttesire to progress on to the analyses of
damage propagation in a laminate configurationsicating the two most extreme situations
of lay-up: in-phase and out-of-phase stackingiretty to the crimp regions.
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