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Abstract

Woven composites are represented by inter-
lacing yarns impregnated by a resin matrix.
Yarns are made of a resin matrix reinforced
by continuous fibers. Homogenization of wo-
ven composites therefore requires two levels
of homogenization, the one of the yarn and
the one of the ply. Finite element (FE) based
homogenization at the ply level can be com-
bined with mean-field homogenization at
the yarn to predict the mechanical behavior
of a single ply. The main difficulty of this ap-
proach lies in the generation of representa-
tive volume element (RVE) of a single ply.

An end-to-end FE based homogenization of
woven composites was developed in Digi-
mat®. The developed set of tools allows
running finite element simulations on single
ply woven RVE with the use of mean-field
homogenization at the yarn level. Generated
RVEs are meshed with voxels to avoid mesh-
ing troubles in resin rich pockets between
yarns or close to yarn crossings. The local
fiber orientation used in the yarn homog-
enization is function of the yarn curvature.
A fully analytical framework based on mean-
field homogenization has also been devel-
oped. The particularity of this framework is
that it takes yarn curvature into account.

The developed tools will be presented and
the FE based and mean-field homogeniza-
tion predictions of linear properties will be
compared to experimental measurements
on plain weave and 5HS woven composites
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Background and Motivation

The large amount of woven designs is still
found where tailor made, high-end solutions
are needed and a costly solution is accept-
able. The applications cover the Aerospace,
Automotive (racing), Marine, wind technol-
ogy and sport equipment markets. The over-
all objective is to use light-weight materials
with the best stiffness and strength proper-
ties possible.

Woven composites are typically draped onto
more or less complex surfaces to produce
structural parts. The draping process can
have significant impact on local warp and
weft angles which leads to a local variation
of effective material properties. Understand-
ing the connection between the warp / weft
microstructure, the resulting material prop-
erties and finally their influence on the part
performance is crucial knowledge in the de-
sign process of woven composite structure.

A key challenge in the predictions of the wo-
ven behavior is the modeling of the mechani-
cal behavior of a single ply. The purpose of
this paper is to illustrate our ability to pre-
dict the linear behavior of single ply of woven
through two different homogenization meth-
ods. This paper presents our end-to-end FE
based homogenization and our mean-field
homogenization for woven, braided and 2.5D
woven. Comparison is made with experimen-
tal results for three different descriptions of
woven.

continued on page 12...
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FE based homogenization of woven
End-to-end solution

A complete end-to-end solution has been
implemented in Digimat®. It allows per-
forming all the different steps needed to
obtain a complete FE analysis, starting
from the material data available in the data-
sheet of the considered woven fabric. Those
steps are:

¢ Mean-field homogenization of the yarns

¢ Generation of a geometry of a unit cell

¢ Generation of a RVE

e Voxelisation

¢ F'E model definition and application of pe-
riodic boundary conditions

e Solving the FE analysis

e Post-processing the outputs of the FE
analysis.

Generation of the geometry of woven,
braided and 2.5D woven

Based on the description of the woven
(weave pattern, yarn cross section dimen-
sion, yarn density in the woven), a geomet-
rical model of each yarn is built [1]. Those
geometries are then assembled to create a
unit cell (Figure 1). This unit cell is in turn

adjusted in order to create a parallelipi-
pedic RVE out of it. This RVE will then be
meshed and used for the FE analysis.

Figure 1:Satin 5HS unit cell (left) and paral-
lelipedic RVE (right)

Figure 2: 2.5 D Woven
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Voxelisation

The geometry is discretized with a regular
pattern of 8-node brick finite elements. This
pattern is known as a voxel mesh (volume
and pixel). Each element is assigned to the
material of the phase where its center is lo-
cated: either in the matrix material or in the
homogenized yarn material. In the latter
case, the local orientation is mapped from
the geometry to the yarn element. Such a
voxel mesh is illustrated on Figure 3, where
the matrix elements are hidden.

&
&

Figure 3: Voxel mesh of 2.5D woven yarn (top)

and visualization of the results (bottom).

In a voxel mesh, the boundary between the
matrix element set and the yarn element
set is a patch of rectangular facets that are
parallel to one of the RVE faces. It may then
be regarded as a less accurate approxima-
tion to the RVE inner surfaces than the one
that would be obtained with a usual tetra-
hedral mesh generator with nodes exactly
on the surfaces. Still, our approach is more
robust than that alternative which leads to
badly-shaped tetrahedral elements in areas
between yarns or close to yarn crossings.

continued on page 13...
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Moreover, the resulting finite element stiff-
ness matrix has a smaller bandwidth and
a better conditioning number than with a
conventional mesh generator. The linear
systems to be solved are well suited to it-
erative solvers, which we found to be par-
ticularly computationally efficient in this
work. Consequently, models with small ele-
ment edges, which represent the geometry

sufficiently well, may be solved in a moderate
CPU time.

Mean-field homogenization of woven
Mean-Field Homogenization Theory
Composites are by definition a combina-
tion of two or more constituents to obtain
an improved material in comparison to the
base constituents. As composite properties
depend on the material microstructure in-
cluding fiber amount and orientation, they
are adequately modeled from micromechan-
ics. In particular, mean-field homogenization
combines the properties of the underlying
constituents of a multi-phase material so
that the original heterogeneous material is
represented by an equivalent homogeneous
one. Implemented in the Digimat software
(2], this technology has proven effective for a
broad range of materials.

_Homogenization
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Figure 4: Heterogeneous material (left) from
which its equivalent stiffness C is computed
from homogenization.
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Application to woven

Woven composites rely on a two-step ho-
mogenization scheme. The first step consists
in the homogenization of the local behav-
SMC | CFRP | LFT | Hybrid

Process technology and automated systems

for manufacturing fiber-reinforced components

ior of the yarn. The latter is modeled as a
UD composite. The second step consists in
the homogenization of the ply. The latter is
described as a matrix reinforced by a large
number of inclusions. The orientation, vol-
ume fraction and aspect ratio of these in-
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clusions (Figure 5) are computed from the Experimenial  Lomov  Digimsl-MF  Digimal-FE

geometry and orientation of the yarn cross E11(GPa) | 26415 | 252 | 2384 235 |
sections [1]. Therefore, the set of inclusions | E#IGFal | 26215 | 252 | 22 Bz |
takes the yarn waviness into account. A cur- | F*(GFal | i | Bas: | am . 51 ]
. . . [T G1ZiGPa) | NA | is | X FTH]

rent assumption of our model is that inclu-

) L | Mz 0.26440.748 ) 0128 0.134 0123
sions are represented by a spheroid instead | ! | | !

Mutl A | .40 | 0.43 0.383

of using an ellipsoid. |

Table 1: Elastic constants of a balanced plain
weave glass/epoxy material: experimental
measurements and predictions.

continued on page 15...

Figure 5: From the yarn cross-sections to
spheroidal inclusions

Our current modeling for woven
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The FE and mean-field homog- T .
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is limited to the elastic behavior.

enizations of woven have been
validated on three different
types of woven: a balanced plain
weave, an unbalanced plain

weave and a 5HS satin. For each
simulation 3D periodic boundary
This Issue: conditions and the Marc iterative
solver are used.

The balanced plain weave glass/
epoxy material data come from
Lomov [3]. Our predictions with

e Award Winning Paper

FE homogenization and voxel
mesh and with mean field ho-
mogenization are compared
to experimental data and the
FE predictions with conformal
mesh obtained by Lomov (Table
1). The yarn width-to-height ratio
is equal to 17. The mesh consists

of 50*50*20 voxels (Figure 6). www.abaris.com +1 (775) 827-6568
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Figure 6: Voxel mesh used for the balanced
plain weave glass/epoxy material and the
balanced 5HS T-300 carbon/PPS material.

Predictions obtained with our two methods
of homogenization are close to the experi-
mental measurements and to the predic-
tions of Lomov. The larger discrepancy is
observed on the shear modulus predicted
by mean-field homogenization. Four simu-
lations have been required to compute
these properties. They took altogether a to-
tal computation time of 88secs.

The unbalanced plain weave glass/PPS
material data come from Angioni [4]. The
mesh consists also of 50*50*20 voxels.
The ratio between the warp and the weft
width is 091. The yarn width-to-height ra-
tio is equal to 19. Our predictions with FE
homogenization and voxel mesh and with
mean field homogenization are compared
to experimental data (Table 2).

Experimentel  Digimat-MF  Digimat-FE

E11 (GPa) 24 248 225 |
E2Z [GPa) | 24 | 247 | 220
Gi2(GPa) | 47 | 48 3gr

| TTIF CKE | 0188 | 0.145

Table 2: Elastic constants of a unbalanced
plain weave glass/PPS material: experimen-
tal measurements and predictions.

The balanced 5HS T-300 carbon/PPS mate-

rial data come from Angioni [4]. The mesh
consists in 100*100*20 voxels (Figure 6).
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The yarn width-to-height ratio is equal to 20.
Our predictions with FE homogenization and
voxel mesh and with mean field homogeni-
zation are compared to experimental data
(Table 3).

Experimentsl Digirat-WF Digimad-FE

E11 (GFa) B4 | 743 7041 |
£ZZ(GFey | 4 B G852 |
G1Z (GPa) A [ &7 E75E |
Mtz ooz ! 0071 0.051 I

Table 3: Elastic constants of a balanced 5HS
T-300 carbon/PPS material: experimental
measurements and predictions.

The balanced plain weave model has been
used to perform a study over the computa-
tion time for the voxelisation and the itera-
tive solver over increasing number of degree
of freedom (Figure 7). Both evolve quasi lin-
early. Less than hundred seconds are needed
to obtain results from an input file when hun-
dred thousands of degrees of freedom are in-
volved in the computation.

Figure 7: Evolution of the CPU time, in func-
tion of the number of degrees of freedom, for
voxelisation and the iterative solver

Perspectives

Our goal for the conference presentation is to
use our woven modeling in the pole side im-
pact of a composite beam (Figure 8). Others
goals are to extend our mean-field homogeni-
zation method to non-linear method and to
extend our approach to orthogonal 3D woven.

continued on page 16...
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Figure 8: 3-point bending on a sub component
to represent a typical pole side crash case [5].
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Conclusions
Digimat® proposes an end-to end FE based
homogenization of woven, braided and 2.5D
woven composites. A single tool allows gen-
erating the geometry, the mesh, run the
computation and post-processes the results
from material data available in datasheets.
The full determination of the elastic con-
stants of a woven material can be obtained
in less than 200secs when approximately
hundred thousands of degrees of freedom
are involved. The voxel mesh allows obtain-
ing meshes for large width-to-height ratio of
yarn cross-sections. The same material de-
scription can also be used in mean-field ho-
mogenization analysis. Predictions of elastic
properties of both homogenization methods
have been successfully validated against ex-
perimental measurements.
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