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Abstract

This contribution presents an approach to generate unit-cell models of 3D or-
thogonal woven non-crimp fabric composites with the ability to incorporate
cross-section variations in the weft and binder yarns. The approach starts from
an initial loose-state configuration of the fiber-bundles, in which each fiber-
bundle is represented by a single discretised line. The discretised lines are
shaped in a step-wise generation process by geometrical operations. During the
generation procedure transformed into a boundary- or inner-line configuration,
respectively, to account for their cross-section variation in subsequent steps.
The fiber volume fraction and fiber direction to be used subsequently in simu-
lations are modelled on cross-sections in a post-processing step. The shape of
the surface weft yarn cross-section and binder yarn cross-sections and center-
line for different binder content, diameter and tensioning can be automatically
accounted for. The geometrical models are then transformed into finite element
models by an automated meshing procedure to investigate how the binder yarn,
and cross-section variations in the surface weft and binder yarns alter the stiff-

ness and damage initiation levels.
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model generation, mechanical simulation, deformable binder yarn

1. Introduction

3D orthogonal woven non-crimp fabric composites consist of in-plane fiber-
bundles which are straight and interwoven by a binder yarn to increase their
delamination resistance [IH3]. The in-plane and out-of-plane mechanical prop-
erties of these composites have shown to be larger than 2D woven composites
[4H6], showing their potential to replace the widely-adopted 2D woven com-
posites. The properties of the 3D orthogonal woven composites can further
be tailored by binder parameters as binder content, diameter, length, tension,
pattern, etc. [7fHI2]. However, the insertion of the binder yarn distorts the
reinforcement architecture of the in-plane fiber-bundles. Experimental studies
remain ambiguous whether the in-plane mechanical properties are reduced, in-
creased or left unchanged by the distortions [10, I3HI5], but are clear on the
fact that binder locations are acting as stress concentration regions that cause
early damage initiation [Bl [7, [I6]. Unit-cell models have therefore shown to be a
valuable approach to help understanding experimental observations or to even
predict the mechanical behaviour of 3D woven composites. [I7HI9]. The main
geometrical features of the reinforcement architecture therefore need to be char-

acterised and included in the models.

Centerline deflection and cross-section variations in the surface weft yarn and
the binder yarn are the main geometrical characteristics which are present in 3D
orthogonal woven composites that will be considered in this work. Their shape
and size further depend on the binder parameters and manufacturing conditions
[20H22]. The binder content affects the cross-section variations and correspond-
ing fiber waviness in the surface weft yarn [7]. The binder yarn tensioning can
cause deflections of the surface weft yarn centerlines, and corresponding distor-
tions in the underlying warp yarns, and generates higher compacted stages of

the binder yarn itself. The cross-section in the top segment of the binder yarn



(Z-crown) are hereby more compacted than the cross-sections in the through-
the-thickness segment [22] 23]. Transverse compaction can further cause the
sinking of Z-crown into the surface weft yarn [24, 25] and the flattening and
widening of the warp and weft yarns. Asymmetrical shapes of the binder yarn
[26], crimping of the through-thickness segment of the binder yarn [27], 28] and

fiber-breakage during 3D weaving [29] can also arise.

Analytical modelling approaches have been adopted in [211, [30] B1] to include
the main features in geometrical models. In earlier models, the warp and weft
yarns are considered straight with constant cross-sections along their center-
line. In more advanced models, centerline deflections and cross-section shape
variations in the warp, weft and binder yarn have been accounted for [30].
Energy-based approaches could then be used on analytical models to predict
the centerline position and the cross-section dimensions of the fiber-bundles for
different in-plane and compaction loading stages [32H34], while elliptical-shaped

cross-sections of the fiber-bundles were assumed.

Image-based approaches were adopted in [25] [26] to generate realistic geo-
metrical models of 3D woven composites. To this end, the images of micro-CT
scans were transformed into a voxel-based mesh representation [26] or into a

tetrahedral mesh representation [25].

A digital element approach was adopted in [35H45] to generate 3D woven
composite models, in which the shape of centerlines and cross-sections of the
fiber-bundles are obtained computationally during a finite element simulation.
Initially, a loose-state configuration of the binder yarn inbetween the warp and
weft yarn is assumed. The fiber-bundles can then be transformed into a single-
or a multi-line configuration of frictionless connected bar or rod elements. A
thermal contraction is further applied on the binder yarn, followed by a global
compaction on the unit-cell model, while contact elements account for fiber-

bundle interaction to generate the geometrical model. Stig adopted also a finite



element framework to generate 3D woven composite models [46, [47]. The fiber-
bundles are then transformed into a shell element representation with the shell
elements being positioned along their contour resulting in a tube structure. A
hydrodynamic pressure is further applied on the tube representation to gradu-
ally inflate the fiber-bundles until a desired fiber-bundle volume fraction, while
contact elements accounting for fiber-bundle interactions at intepenetrating lo-

cations causes deformable cross-section shape variations of the fiber-bundles.

Recently, a geometry-based framework to generate 3D woven unit-cell mod-
els was used in [48] 49]. The fiber-bundles are represented by a single discretised
line and a constant cross-section. The discretised lines are shaped by straighten-
ing operations until an equilibrium between fiber-bundle movements is obtained,
with a contact treatment accounting for the line interactions. This geometry-
based framework was adopted later on to generate Z-pinned and stitched lam-
inate unit-cell models [50, 5I]. Potential resin-rich regions and out-of-plane
undulations in the laminae are hereby represented by initial straight discretised
lines while the pin and stitching yarn are represented initially by a single discre-
tised line. The discretised lines are shaped in step-wise manner by geometrical
operations while the contact treatment accounts for line interactions. The initial
single-line configuration of the stitching yarn could hereby be transformed in a
generation step into a multi-line configuration to account in subsequent steps

for its cross-section variations.

Here, 3D orthogonal woven non-crimp fabric composites unit-cell models
which include cross-sections variations in the weft and binder yarns are gen-
erated by an adopted geometry-based framework. The approach starts from
an initial model on which geometrical operations are applied to introduce in a
step-wise manner geometrical features. The cross-section variations for the weft
and binder yarns are accounted for by a boundary- and inner-line configuration,
respectively. Experimental data on the shape of yarns will be used to set the

initial model parameters and geometrical operations parameters. The shape of



the generated geometrical features is obtained automatically. The originality
of the approach is two-fold: firstly, the approach reduces the amount of exper-
imental input data needed to generate unit-cell models compared to analytical
modelling approaches. Secondly, the approach presents an unified approach
that can be used to generate different morphology of 3D reinforced composites
(pinned, stitched, 3D orthogonal woven) with the same tool (as adopted in [51]).
The geometrical models are then transformed into finite element to investigate
how the 3D weaving and the cross-section variations in the weft and binder yarn

affect the stiffness and potential damage initiation.
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Figure 1: 3D orthogonal woven non-crimp fabric composite: (a) 3D view (taken from [52]),

(b) side view, (c) top view.

2. Geometric model generation

Unit-cell models of a 3D orthogonal woven non-cimp fabric composites are
generated. The warp yarns are assumed to remain straight with constant cross-
section while the weft yarns are assumed to remain straight but with cross-
section that are allowed to deform upon binder insertion. The binder yarn is
allowed to vary in centerline and cross-section shapes, corresponding to different
binder yarn tensioning states. Fiber-breakage, asymmetrically-shaped binder
yarn profile, crimping of the through-thickness segment of the binder yarn are

not considered in the modelling.



To generate realistic unit-cell models, experimental data will be used to set
the initial model parameters and the parameters of the geometrical operations
(see subsequent subsections). Hereby, the initial model parameters will implic-
itly take into account the global effect of transverse compaction and binder yarn
tensioning on the in-plane fiber-bundle geometries, while the effect of transverse
compaction on the cross-section shapes of the binder yarn is not considered in
this work. The parameters of the geometrical operations can be set by combin-
ing a desired size of geometrical feature with the figures that are obtained from a
parametric study that will be provided in section[d] The shape of the geometri-
cal features will be obtained automatically. The model generation approach can
therefore be seen as a tool to analyse the effect of geometrical features and/or
to construct physical-comparable models when experimental data is available in

an efficient way.

2.1. Initial model

Each yarn is initially represented by a single line and a constant cross-section
(see Fig. . The lines representing the warp and weft yarns are straight, while
the line representing a binder yarn is S-shaped, mimicking a loose state config-
uration of the binder yarn around the warp and weft yarns. Elliptical, power
ellipse and rectangular cross-sections are considered for the binder yarn, the
inner weft and warp yarns, and the surface weft yarns, respectively. The rect-
angular cross-section shape of the surface weft yarns will subsequently be shaped
during the generation process. The lines are further discretised in line segments

with a length ej;,. of 100um.

The (constant) cross-section shape and dimensions for the fiber-bundles can
be extracted from experimental data as follows: (i) for each in-plane warp and
inner weft yarn, the cross-section is taken as an average of the cross-sections
along their centerline, (ii) for a surface weft yarn, the width and the height of
the rectangular-assumed initial shaped cross-sections are taken as the width of

the inner weft yarns and the height of surface weft yarn cross-sections outside



the distorted zone (see location 2 in Fig. )7 respectively, (iii) for the binder

yarn,

the cross-section is taken as the cross-section in the middle of the through-

the-thickness segment of the binder yarn (see location 1 in Fig. [Ip).
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2: Initial model with a fiber-bundle represented by a single line and constant cross-

section.

2.2. Boundary-line and inner-line configuration for fiber-bundles

A

boundary-line and an inner-line configuration are used for the weft and

binder yarns, respectively, to account for their cross-section variations.

1.

In a boundary-line configuration, the lines are positioned near the bound-
aries of the fiber-bundles (see Fig. [3h). The cross-sections of an initial
single-line configuration are discretised using circles. The circles can be
positioned uniformly along the cross-section boundary or can be positioned
dependent on the local curvature of the cross-section boundary. A radius
is assigned to the circles to facilitate contact treatment. However it can be
chosen to vanish, as the boundary-lines do not represent anything physi-
cally and contact treatment, between the boundary-lines and the binder,
can still be resolved by the binder yarn radius itself. The number of circles
defines the geometrical accuracy of the cross-section shape variations in a
post-processing at the expense of a higher computational cost.

In an inner-line configuration, lines are positioned in the interior of a
fiber-bundle (as introduced in the work [51]). The cross-sections of the

initial single-line configurations are discretised in circles positioned inside



the cross-section. The circles can be defined as the nodes of a 2D mesh
generated on the cross-section. The radius of circles is related to the
number of circles and the initial fiber volume fraction in the binder yarn.
The number of circles is assessed by means of a convergence study on a

tensioned binder yarn.

A boundary-line configuration can be favored to account accurately for local
cross-section shape distortions at a reduced computation cost, but the center-
line of the corresponding fiber-bundles should remain straight. An inner-line
configuration can then be used to account for cross-section variations in fibers-
bundles with centerlines that should not remain straight, but at the expense
of a reduced control over the final cross-section. Note that a special attention
needs to be given for a boundary-line configuration to not result in a shape
that exceeds locally the maximum fiber volume fraction, while this conditions

is automatically satisfied for an inner-line configuration.

weft(inner)

Figure 3: Different line configurations for a fiber-bundle: (a) a boundary-line configuration

for the weft yarns, (b) an inner-line configuration for the binder yarn.

2.3. Geometrical tools

The geometrical operations are applied on the discretised lines in a step-
wise manner, with a straightening operation as the only operation adopted in
the presented generation process. Each step intends to introduce a geometrical

feature in the model or to transform the single-line configuration of the weft



or binder yarns into a multi-line configuration (see Table 1). The number of
straightening operation that should ideally be applied in a certain step should
be deduced from a desired size of geometrical features and the graphs which
will be presented in section |4} A contact parameter ¢ (see section , which
regulates the relative movement between two lines upon contact, will be used
to constrain certain types of lines during a generation step. Boundary condi-
tions can be enforced on the bottom and top of the surface weft yarns to keep
them straight. The generation stages are illustrated in Fig. [4 and described in

the sequel, followed by a short description of the adopted geometrical operations.

Step 1, the weft yarns are transformed in a boundary-line configuration.

Step 2, the binder lines (representing a single line configuration of the binders
at this stage) are first made conform with the shape of the surface weft yarns
by an applied straightening operation, in order to have a binder yarn shape
independent of its initial position (the weft lines are constrained during this
operation).

Step 3, the binder lines are then further subjected to the same straightening
operation, but whereby the weft lines were unconstrained this time. The center-
line of the binder yarn, and simultaneously the cross-sections of the surface weft
yarns underneath the binder yarn, can hereby be shaped to account for different
binder yarn tensioning levels.

Step 4, the boundary-lines of the weft yarns are straightened to smooth
their locally distorted shape near the binder yarn (the binder lines are hereby
constrained during this operation).

Step 5, the binder yarn is transformed into a multi-line configuration.

Step 6, the binder-lines are tensioned by the straightening operations to
generate cross-section variations of the binder yarn which can correspond to
different binder-yarn tensioning (the weft lines are hereby constrained).

Step 7, the bottom and the top of the unit-cell box, which surrounded ini-
tially only the warp and weft yarns, can be adjusted to generate models wherein

the binder yarn is fully embedded in the matrix.



Step 8, the local fiber volume fraction and fiber direction in each fiber-bundle

are obtained in a post-processing step.

border-line straightened straightened

Figure 4: Step-wise generation process: (0) initial model, (1) transformation weft into
boundary-line configuration, (2) binder straightening, (3) binder straightening, (4) weft
straightening, (5) transformation binder into multi-line configuration, (6) binder straight-
ening, (7) adjusting bottom and top surface of unit-cell box, (8) calculating the fiber volume
fraction V; and fiber misalignment 6.,,;s in post-processing step with 6,,;s corrected from the

local normal orientation for each fiber-bundle.

2.8.1. Straightening operation

The straightening operation repositions the nodes of a line according to [48]:
T = (1/2).(Ti-1 + Tigr) (1)

To further account for the potential effect of neighbouring unit-cells on the
shape of the lines, the lines which are straightened are extended first, before
straightening, at their sides by their replicates, where, after straightening, the
extended parts are removed (Fig. [5)). The shape of the lines is hereby controlled

by the number of applied straightening operations (s) during the generation step

2.8.2. Contact treatment
Due to the straightening operation, interpenetrations between cross-sections

associated to lines may occur. A node P of a line i (see Fig. @ which interpen-
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Figure 5: Extending the lines prior to straightening for: (a) binder yarn and (b) weft yarns.

etrates a line j is to be moved along its normal Dp on the line J to suppress
the interpenetration [48, 50]. The movement Zp of the node P can further be

regulated by a parameter g :
#p = q.dins.Dp (2)

where d;,; is the interpenetration distance. The parameter ¢ controls the in-
teraction between the lines. There is a ¢ value for each interaction, i.e. for
each pair of lines (¢ is not attached to a single line). The ¢ value can be set
differently dependent on the type of interacting lines interacting (see Table
in certain generation steps. A O-value is considered for interacting weft yarn
lines, which allows the weft yarn lines to remain interpenetrated. A 0.50-value
is considered for interacting binder-lines as such to mimic a symmetrical contact
between these lines. A parameter gy, is used to control the interaction between
a weft-line and a binder-line and can be set to 0 or 1 to constrain (i.e. keep fixed)
the position of either the weft lines or the binder lines upon their interaction,
respectively, in the different steps mentioned above. The controlled interaction

between the weft-line and the binder-line allows further the step-wise controlled
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introduction of geometrical features, feature-by-feature, which is considered as

a key advantage feature of the approach.

binder  weft
binder 0.50 Qow
weft (I-gpw) O

Table 1: Different contact parameter g dependent on the type of interacting lines.

Figure 6: Contact treatment.

2.4. Fiber volume fraction and fiber direction

A constant fiber volume fraction and linear fiber direction distributions are
modelled on the cross-section of the fiber-bundles. The cross-sections are ob-
tained by intersecting the multi-line configuration perpendicular to a local tan-
gent to the centerline, whereby the centerline of the boundary-line configuration
is a straight line positioned in the center of the initial cross-section and the cen-
terline of the inner-line configurations is the line connecting the center point in
the initial inner-line configuration. An example of generated cross-section for a

binder yarn and a surface weft yarns are illustrated in Figl7

The fiber volume fraction Vy(s) in a cross-section at the position along the

yarn (and that is assumed uniform in a given cross-section) is obtained by:

Aini
Vf,defo’rm(s) ¢ ) -Vf,init (3)

B Adeform(s
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where Ageform is the deformed cross-section area and Vy i is the initial fiber
volume fraction in the yarn. A;,;+ represents the initial cross-section area, ex-
cept for the surface weft yarns which have an enlarged cross-section due to their
rectangular shape. For these yarns, the initial cross-section area of the inner
weft yarns is considered. An example of obtained fiber volume fraction distribu-

tion along the yarn for the binder and surface weft yarns is illustrated in Fig. [7p.

The linear fiber direction in each cross-section can be obtained from a linear
interpolations between the local tangent of the lines which are positioned near
the boundary of the cross-sections. The fiber misalignment 6,,,;s, as often used
to visualize the local fiber direction inside yarns, is defined in each cross-section
as the angle between the local fiber direction and the local tangent of the cen-
terline of the yarn at that cross-section. An example of the fiber misalignment

distribution obtained for the binder and surface weft yarns is illustrated in Fig.
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Figure 7: Surface weft and binder yarn after post-processing: (a) generated cross-sections, (b)

fiber volume fraction distribution (V), (c) fiber misalignment distribution (0ms).

2.5. Interpenetration suppression and gap generation

Interpenetrations can take place between the binder and weft yarns. These
interpenetrations are in a first instance partially avoided by increasing and de-

creasing the cross-section dimensions of the binder yarn before and after model

13



generation respectively. Residual interpenetration between the binder and weft
yarns are suppressed by moving points of a triangulated binder yarn surface that
interpenterates the weft yarns along a local normal on the binder yarn surface
(see Fig. , while a gap can be inserted simultaneously. The fiber volume frac-
tion in each cross-section of the binder yarn is afterwards adapted to account

for the (small) cross-section area changes.
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Figure 8: Interpenetration suppression and gap insertion methodology: (a) before post-

processsing, (b) after post-processing.

3. Reference material geometry

The geometry corresponding to a physical material sample taken from the

contribution [53] is adopted in this work for the geometrical model generation.

This geometry was obtained in [53] based on CT scanning, and represents
a 3D orthogonal woven composite. Both a micro-CT scan and an analytical
model were used in [53] for simulations. For the analytical model, the following

assumptions were made:
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1. A power-ellipse shaped cross-section is used for the in-plane warp and
inner weft yarns which is constant along the yarn centerline.

2. A semi-lenticular shaped cross-section is considered for the surface weft
yarns which is constant along the yarn centerline.

3. A power-ellipse shaped cross-section for the binder yarn, with a width
and a height that gradually increases and decreases, respectively, from
the middle of the through-the-thickness segment to the top segment of
the binder yarn.

4. A binder yarn centerline position, constructed via B-spline, that is imple-

mented manually to be conform with the surface weft yarns shape.

Full details and illustrations of this reference geometry are provided in reference
[53]. Similar cross-section shapes and dimensions were adopted in this work for
the initial model construction (see Table|3). The lenticular shape of the surface
weft yarn, the centerline position of the binder yarn and the cross-section height
reduction in the top-segment of the binder yarn are used in the qualitative

comparison of the generated models.

4. Generated geometrical features

First, geometrical models are generated to illustrate the potential of the
approach to generate automatically different shapes of geometrical features that
can correspond to different binder parameters. The initial model parameters
are set according to the information provided in Section [3] The parameters of
the geometrical operations are varied to study their influence on the generated
features. The generated shapes are qualitatively compared with the reference
geometry from Section [3| The illustrations can further be used to set the values
of the geometrical operation parameters in order to obtained the desired sizes
for each introduced geometrical feature. In a second phase, models for different
binder content are generated to illustrate the generality of the approach. For
both cases, the generation strategy and parameters adopted to generate the

geometrical models are presented in Table [2] and Table [3] respectively.
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step | operations id line ¢y, parameter geometrical feature

1 boundary-line configuration weft - - -

2 straightening binder 0 - -

3 straightening binder ¢ $1 centerline of binder yarn
4 straightening weft 1 So cross-sections of weft yarn
5 inner-line configuration binder 0 c -

6 straightening binder 0 S3 binder yarn tensioning

7 adjusting box - - (no-yes) matrix

Table 2: A description of the step-wise generation process in terms of geometrical operations,
corresponding parameters (s; are numbers of straightening operations, c¢ is the number of lines
used in an inner line configuration), the types of lines on which the geometrical operation are
applied in each step, the contact parameter in each step and the geometrical feature for which

experimental observations can be used to set the corresponding parameter.

initial model yarn shape a(um) blum) n V& Ay (pm?)
weft surface rectangle 525 130 - 0.700 156.50
weft inner super ellipse 525 80 5 0.700 156.50
warp super ellipse 430 110 5 0.700 176.25
binder ellipse 280 150 - 0.600 136.00
generation s1=17, $3=050, c¢=15, s3=25, adjust box =no

Table 3: Initial model and generation parameters for the 3D woven model.

4.1. Centerline of the binder yarn and corresponding cross-section of the surface

weft yarn underneath the binder yarn

The centerline of the binder yarn can be shaped in generation step 3 by
the parameters s; and gy, while the cross-section of the surface weft yarns
are shaped simultaneously (due to the contact treatment). Shapes for different
values of s; and gy, are illustrated in Fig. [Pp and Fig. [Op respectively. A
wide range of possible positions of the centerline of the binder yarn can be
generated while the shape of cross-sections of the surface weft yarn tends towards
a lenticular shape. Such a lenticular shape is often used in analytical modelling
approaches [26] as well as in the reference material geometry [53] considered in

this work (see Section [3).
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Figure 9: Different shapes of the binder yarn centerline and surface weft yarn cross-section un-

derneath the binder yarn for varying: (a) straightening parameter s and (b) contact parameter

quwb-

4.2. Cross-section variations in the surface weft yarns

The cross-sections variations in the surface weft yarns are controlled in gen-
eration step 4 by the parameter s3. The shape of the surface weft yarns for
different values of s3 are illustrated in Fig. by means of the fiber volume
fraction and fiber misalignment distributions in the surface weft yarns. The
parameter s3 can then be set by comparing for example the maximum in-plane
fiber misalignment in the model with the maximum in-plane fiber misalignment
in experimental observations, which will dependent on the binder content and
tensioning. A fully straight configuration of the surface weft yarns can be ob-
tained in the limit (s, = +100). The constant cross-section configuration of the
surface weft yarn corresponds to the reference material geometry [53] consid-
ered in this work. In practice, for smaller binder contents, slight waviness in
the surface weft yarn cross-section can be present, which then can seamlessly
be introduced by slightly reducing s, towards a desired fiber-waviness in the

surface weft yarn.
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Figure 10: Cross-section variations in the surface weft yarn for varying straightening parameter

s2, illustrated by the fiber volume fraction V; and fiber misalignment 0,,;s distribution.

4.8. Cross-section variations in the binder yarn
4.3.1. Convergence study on the number of lines

The number of lines (¢) present in the multi-line configuration of the binder
yarn is set (in generation step 5) to have converged tensioned binder yarn ge-
ometries. The effect of the number of lines of the inner-line configuration on
the cross-section shapes and fiber volume fraction distributions in the binder
yarn is illustrated in Fig. A convergence in cross-sections shapes and corre-
sponding fiber volume fraction distributions is taking place and this (already)
for a number of lines equal to 15 which will further be used in the generation

process (see Table [2).

4.8.2. Mimicking different binder yarn tensioning

Cross-section shape variations in the binder yarn for different binder yarn
tensioning states can be regulated in generation step 6 by means of parameter
s3. The cross-section shapes and corresponding fiber volume fraction distribu-
tions for different values of s3 are illustrated in Fig. The cross-section shapes
in the top segment are flattened first and then widened for increasing values of
s3, while the cross-section shapes in the middle of the through-the-thickness
segments of the binder yarn are barely changed. A binder yarn configuration

which is conform with a physical observation can then be generated by setting
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Figure 11: Convergence study on the number of lines ¢ for a tensioned binder yarn: (a) different
cross-section discretisations, (b) cross-section shape variations, (c) fiber volume fraction Vy

distribution.

first the initial cross-sections of the binder yarn to a cross-section located in
the middle of the through-the-thickness segment of the physical binder yarn,
whereafter parameter sz should be set by comparing for example the thickness
of the cross-section at top segment. Typical cross-section thikness reductions

in the top segment of the binder yarn for different binder yarn tension-levels lie

between 0.30 and 0.70 [7, 20} 211 (30}, 34].

The modelling approach could further generate realistic models based on
the loom set-up. The tensioning levels in the weft and binder yarns should
be related via experimental images with the size of the geometrical features.
The size of the geometrical features could then be used to obtain the different
generation parameters using the graphs represented in Section [4} The value of
the generation parameters could then be set automatically at the start of the

generation process to create physically related models.

4.4. Geometrical models for different binder content

Models for different binder contents are now generated and illustrated in Fig.
The binder yarn content is varied from 0.5% to 4% by changing the unit-cell
dimensions while the binder diameter is kept constant. It can be seen that the

approach accounts automatically for different shapes of the surface weft yarns
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Figure 12: Shapes of a tensioned binder yarn for varying parameter s3: (a) cross-section

shapes of the binder yarn, (b) fiber volume fraction V; distribution in the binder yarn.

corresponding to the different binder content.

Figure 13: 3D woven models for different binder content (represented by their fiber volume
fraction V; and fiber misalignment 6,,;s distribution): (a) binder content of 0.50%, (b) binder
content of 2%, (c) binder content of 4%.

5. Mechanical simulations

Upon availability of the geometry generated by the proposed procedure,
the geometrical models are transformed into finite element models using the
meshing software GMSH. Periodic boundary conditions are applied on the in-
plane unit-cell surfaces while the bottom and top of the unit-cell are left free.

Carbon fibers and epoxy matrix are considered as constituent materials with
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mechanical properties presented in Table [} The mechanical properties of the
fiber-reinforced region are obtained, in function of the local fiber volume frac-
tion, by means of the Chamis-formulae [54]. A global strain of 0.50% is applied
on the unit-cell models in the warp-, weft- and bias(45°)-direction, a straining
level that has been shown experimentally to cause early damage initiation in

3D woven composites [5, [16].

The stiffness of the unit-cell model is then computed and normalised by the
stiffness of an equivalent non 3D-woven composites (described in Section .
The local stress levels are evaluated based on their potential to initiate damage.
Transverse cracking (via fao) and shear cracking (via f12) in the fiber-reinforced
regions, debonding at the interface between the fiber-reinforced regions and
the matrix (via f;,:) and matrix cracking (via f,,), are considered as damage
initiation mechanisms in fiber-reinforced composites [24, F5H57]. Each damage

initiation mechanisms is evaluated by a local damage initiation indicator f;;

defined by:

Op

B 0922 . 012 _ 9
f22_ f12_ fm Xt

XV 127 XV =

where o, is the maximum tensile principal stress, X; is the tensile strength of
the matrix, and Xo5 and X;5 are transverse and shear strength, respectively, of
the fiber-reinforced regions. The strength properties Xoo and Xi5 in function
of the fiber volume fraction are computed using the Chamis formulae. Interface
debonding is evaluated based on Ye’s criterion [58]:

< Opn > Ont
int = 2 *2>1
fint \/( x., &)z

where < . > is the MacAuley bracket defined as < z >= % (z+x]), oy, and oy,
are the normal and tangential stress component, respectively, at the interface
and X,,,, and X4, are the corresponding mode-1 and mode-2 interfacial strengths
(see Table [d]). A 97-percentile of each damage initiation indicator (as defined
in [50]) will further be used to compare the local damage initiation indicator

distribution between the different models.
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Stiffness  carbon fiber epoxy matrix strength carbon fiber epoxy matrix interface
E11(GPa) 231 3.45 Xy1.4(MPa) 3500 70 -
By (GPa) 15 - X11..(MPa) 3000 130 -
E33(GPa) 15 - X12(MPa) - 57 -

12 0.20 0.35 ef1.(%) 1.51 4.5 -

013 0.20 - ef1 (%) 1.30 8 -

V23 0.20 - (%) - 5 -
G12(GPa) 15 1.28 Xpn(MPa) - - 80
G13(GPa) 7 - Xt(MPa) - - 100
Go3(GPa) 7 -

Table 4: The stiffness and strength properties of carbon fiber (type AS4 [59]) and epoxy matrix
(type 5260 [59]), and the strength properties of the interface between the fiber-reinforced

b)

Figure 14: Generated mesh models for: (a) the non 3D woven model, (b) the 3D woven model.

regions and the matrix [60].

a)

5.1. Models

The effect of 3D weaving, cross-section variations in the surface weft yarns
and cross-section variations in the binder yarn on the overall stiffness of the
composite of the composite and on the damage initiation is evaluated by the

following three cases:

Case 1, the effect of 3D weaving is investigated by comparing the results
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of a 3D woven model with an equivalent non 3D-woven composite model. The
3D woven model is obtained using the generation procedures and parameters
presented in Table [2] and Table [3] respectively. The equivalent non 3D woven
model is considered in this work as the initial configuration of the 3D woven
model but without the binder yarn and with the cross-sections of the surface
weft yarns taken equal to the cross-sections of the inner weft yarns. The meshed

models for both configurations are illustrated in Fig.

Case 2, the effect of cross-section variations in the surface weft yarn is inves-
tigated by generating 3D woven models whereby the parameter sy in generation
step 4 is varied (see Table . Surface weft yarn geometries for the different

parameters s are similar to the illustrations presented in Fig.

Case 3, the effect of cross-section variations in the binder yarn is investigated
by generating 3D woven models in which the parameter s3 in generation step
6 (see Table [2) is varied. Binder yarn geometries for the different values of the

parameter s are similar to the illustrations presented in Fig. [12]

5.2. Results

5.2.1. Effect of 3D weaving (case 1)

The normalized stiffness components of the 3D woven model are presented
in Table [l When considering the 3D weaving, the stiffness in the warp direc-
tion is slightly increased (2%) while the stiffness in the weft- and bias-direction
are increased in larger proportion (12% and 14% respectively). Note that the
stiffness in the bias-direction is approximately 10 times lower than the stiffness
in the warp and weft direction. The stiffness components fall in the range of
experimental observations [I0] which has shown to be between 0.80 and 1.20.
It therefore remains ambiguous whether 3D weaving increases or decrease the

stiffness.

The damage initiation indicator distributions in the 3D woven model for
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warp-, weft- and bias-loading are summarized by their 97-percentile in Table [f]
for different loading modes. The 97-percentile of the local damage initiation in-
dicators in the fiber-reinforced regions and matrix are increased, which indicates
that damage initiation will occur earlier in a 3D woven composite than in an
equivalent composite. Transverse damage in the surface weft yarn, transverse
damage in the binder yarn, and shear damage in the surface weft and binder
yarn are the main damage initiation mechanisms taking place for warp-, weft-
and bias-loading respectively. The warp- and bias- directions experience higher
damage initiation indicators more damage with respect the weft-direction, mak-
ing them the most critical directions to be looked after in the design of the 3D
woven composites. The potential regions in which damage initation may occur
(see Fig. correlate hereby with the most distorted fiber-reinforced regions
(see Fig. which are located near the binder locations.

The damage initiation characteristics from the simulations results substanti-
ate with experimental observation as follows. Early damage initiation and stress
concentrations near binder locations, as observed in the simulation results, have
also been observed experimentally in earlier works [5] [7} [16]. For warp-loading,
the very small damage appeared experimentally first near the middle section
of the Z-crown crossover with the adjacent surface weft yarns, which is then
followed by transverse damage in the weft yarns under increasing load [5]. For
weft-loading, the damage is initiated in the form of transverse damage in the
warp and binder yarns [5]. For the bias direction, the damage starts at the
Z-crowns [5]. Similar trends can be observed for damage initiation in the simu-

lation results presented in Fig.

Ewerr 1,02 Eweft 112 Eshear 114

norm norm norm

Table 5: The normalised stiffness components of the 3D woven model.
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of,,>1
fi,>1
of >1

Figure 15: An illustration of the potential local damage initiated regions in the 3D woven
model, with an indication of the main local damage initiation mechanisms, for different loading

directions: (a) warp-direction, (b) weft-direction and (c) shear-direction.

binder inner weft surface weft matrix

A I YA P I I | ST I 1400

warp-load  equivalent - - - 0.52 0.01 0.51 0.01 0.30 0.36
3D woven | 0.16 0.22 0.41 071 0.05 080 0.11 0.34 0.43

weft-load  equivalent - - - 0.13 0.01 0.12 0.01 0.08 0.35
3D woven | 1.82 0.18 045 | 0.16 0.02 041 0.21 0.17 0.39

shear-load equivalent - - - 0.04 0.75 0.03 0.69 0.26 0.33
3D woven | 0.25 1.77 0.45 | 0.08 0.97 0.10 1.55 0.29 0.41

Table 6: The 97-percentile of the local damage initiation indicators in the binder, the inner

and surface weft yarns, and the matrix.

5.2.2. Effect of cross-section variations in the surface weft yarns (case 2)

The effect of cross-sections variations in the surface weft yarns is investigated
(Fig. [L6p) on the stiffness of the 3D woven model and on transverse and shear
damage initiation indicators in the surface weft yarns for warp- and bias-loading
(as being the most critical cases, see Table @ respectively. The stiffness compo-
nents of the 3D woven models are normalised by the stiffness of the 3D woven
model in which the surface weft yarns are fully straight (setup corresponding
to so = 100). The considered damage initiation indicators are presented in the
fiber-bundles by their average. An increased average would then indicate an in-

creased probability of early damage initation in regions with a damage initiation
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indicator lower than the maximum damage initiation indicator as well as a faster
propagation of cracks after their initiation at the most critical location[55]. Re-
alistic cross-section variations in a fiber-bundle correspond then to a value for
so lying between 20 and 100, as these values corresponds to experimentally ob-

served maximum in-plane fiber misalignment that lie in between 0° and 10° [10].

It can be seen (in Fig. ) that a small sg-value (corresponding to a large
maximum in-plane fiber misalignment) can result in lower stiffness components
and in a lower average of the transverse and shear damage initiation indica-
tors than a large sp-value (corresponding to a small maximum in-plane fiber
misalignment). 3D woven models assuming straight weft yarn (as adopted in

[61H64]) may then overestimate the risk for damage initiation.

5.2.3. Effect cross-section variations in binder yarn (case 3)

The effect of cross-section variations in the binder yarn is now investigated
(Fig. ) on the stiffness of the 3D woven model, and on the transverse and
shear damage initiation indicators in the binder yarn for weft- and shear-loading
respectively (as being the main critical damage indicators in the binder yarn,
see Table @ The thickness of the cross-section in the top segment of the binder
yarn, normalised by the thickness of the initial cross-section of the binder yarn,
and the average of the fiber volume fraction distribution in the binder yarns are
presented as well. The stiffness components of the 3D woven models are further
normalised by the stiffness of the 3D woven model with constant cross-sections
for the binder yarn (s3 = 0) and the average for the considered damage initia-
tion indicators is considered. Realistic values of s3 would lie in the range from
4 and 12 (dependent on binder content and tensioning), which corresponds to
experimentally observed values of the normalised thickness that typically lies in
the range 0.30 — 0.70 (as can be deduced from experimental figures presented

in 7, 201 211, 30} 34]).
It can be seen (in Fig. ) that a small s3 value (corresponding to small
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Figure 16: Graphs showing the effect of cross-section variations in surface weft yarn and binder
yarn: (a) the maximum in-plane fiber misalignment and the mean of the fiber volume fraction
in the surface weft yarns, the stiffness components, and the mean of transverse damage initi-
ation indicators (for warp-loading) and shear damage initiation indicator (for shear-loading)
in the surface weft yarns are presented for varying parameters s2 - (b) the normalised thick-
ness of the cross-section in the top segment of the binder yarn and the mean of the fiber
volume fraction in the binder yarn, the stiffness components, and the mean of the transverse
damage initiation indicators (for weft-loading) and the shear damage initiation indicators (for

warp-loading) are presented for varying parameters s3.

binder yarn cross-section variations), results in a lower stiffness and a lower
average value of the local damage initiation indicators than a large s3 value
(corresponding to large binder yarn cross-section variations). 3D woven models
with a constant assumed cross-section for the binder yarn and with a matrix that
fully embeds the binder yarn (as adopted in [6IH64]) would then underestimate
the stiffness and the average value of the local damage initiation indicators with
a level of underestimation dependent on the binder content. The increase in

stiffness of 3D woven models embedding a binder yarn with large cross-section
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Figure 17: The corresponding potential local damage initiated regions in the surface or binder
yarn for the different cross-section variations configurations analysed in Section 4: (a) trans-
verse damage in surface weft yarn for warp-loading, (b) transverse damage in binder yarn for
weft-loading, (c) shear damage in surface weft yarn for shear-loading, (d) shear damage in

binder yarn for shear-loading

variations is related to the fact that the matrix is defined around the binder
yarn, which can easily be resolved by considering a matrix that only surrounds

the in-plane fiber-reinforced regions (as done in [51]).

6. Discussion

6.1. Comparing geometrical modelling approaches

The centerline and cross-sections of fiber-bundles in 3D woven models can
be shaped using analytical, digital element and geometrical-based modelling

approaches as presented in this work.

1. Analytical modelling approaches shape the fiber-bundles in 3D woven com-

posites manually by means of functional representations. Different func-
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Figure 18: A reflection on the geometrical model generation approach: (a) smooth cross-
section shape variations caused by binder insertion in the surface weft can be generated by
adopting a zero line-radius in the boundary-lines configuration, (b) the constant assumed fiber
volume fraction V; in cross-section may not correctly the V;-distribution in a cross-section of

the surface weft yarns for small binder content.

tional representations need to be adopted each time the shape of geomet-
rical features changes, as for example due to binder content and binder
tensioning, making analytical models less general to include the main ge-
ometrical details for a wide range of binder parameters, but a full control
over the shape of geometrical features is present.

2. Digital element approaches shape the fiber-bundles in 3D woven compos-
ites by considering an inner-line configurations for each fiber-bundle. The
fiber-bundles are positioned initially in a loose-state configuration, and
are then gradually shaped by a binder yarn tensioning and transverse
compaction during finite element simulations. The shape of fiber-bundles
which are conforming with each other and correlated with a binder yarn
tensioning and transverse compaction loading can hereby be automati-
cally generated. It should be noted that this approach is computationally
expensive and requires a line-radius which may cause a loss of accuracy on
the extracted cross-section shapes during an offset post-processing proce-
dure.

3. The geometrical-based approach as presented in this work shape the fiber-
bundles by means of a boundary-line and inner-line configuration (for
weft and binder yarn respectively), based on geometrical operations. The

boundary-line configuration allows modelling small changes in the cross-
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sections shapes in fiber-bundle with straight centerlines, as illustrated in
Fig. ) Conversely, the inner-line configuration allows automatically ac-
counting for cross-section variations in fiber-bundle due to different stages
of binder yarn tensioning (similar to the digital element approach). An
essential difference lies in the lower cost of the presented approach. The
geometrical-based framework can generate unit-cell models in the order
of minute as it does not require expensive finite element simulations. It
should be emphasized though that the predictive nature of the approach
is limited as no mechanics is involved. The combination of an inner-line
configuration and a geometrical-based framework to shape cross-section
variations in fiber-bundles for transverse compaction loading should still
be investigated, but the principles explained here should allow such an

extension.

The selection of a modelling approach adopted for the generation of 3D woven
models can then depend on a desired generality, simplicity, computational time,

and control over the obtained shape of the geometrical features, etc.

6.2. Role of local fiber volume fraction

Local fiber volume fractions have already been shown in fiber-reinforced
composites to act as stress concentration and damage initiation regions [50, 51,
5o, [65] [66]. A similar trend can also be observed in this work, by comparing
the contour plots of the regions of stress concentrations in the surface weft and
binder yarns illustrated in Fig. [I7 with the corresponding fiber volume fraction
distributions presented in Fig. [[0] and Fig. [I2 for the surface weft and binder
yarn respectively. The location of the stress concentration regions are observed
to be correlated with the locations of increased fiber-volume fraction. Such a
positive correlation further indicates the importance to include the local fiber
volume fraction correctly in the models. Still, a uniform fiber volume fraction
in each cross-section of the fiber-bundles is assumed in this work, but may be
unrealistic in 3D woven models with a smaller binder content or tensioning (see

Fig. [7b) whereby the distortions should only take place near the borders ([53]).
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A locally distorted zone in the surface weft yarns should then be adopted to ac-
count more properly for fiber volume fraction variations. Local fiber-reinforced
distorted zone models similar to [50, [51] for z-pinned and stitched laminates can

therefore be adopted.

6.3. Effect of simplified geometrical features

Centerline deflections of the in-plane fiber-bundles and flattening of the
binder-yarn cross-section, which may arise during excessive transverse com-
paction and binder yarn tensioning, are not included in the models. This may

have the following effects on the mechanical behaviour:

1. Not including centerline deflections of in-plane fiber-bundles can result
in an overestimation of in-plane stiffness and an underestimation of local
stress levels in neighbouring fiber-bundles of the considered deflected fiber-
bundles at their deflection points.

2. Not including flattened cross-sections of the binder yarn enlarges the
amount of matrix that surrounds fully the binder yarn, and as such can re-
sults in an underestimation of the stiffness while the stress concentrations

in the top segment of the binder yarn may be underestimated.

The quantitative effect of these assumptions should be mechanically investigated

and are assumed in this work to fall in the experimental range.

7. Conclusion

An approach was presented to generate automatically mesoscopic unit-cell
models of 3D orthogonal woven non-crimp fabric composites which include cross-
section variations in the surface weft and the binder yarns. A boundary-line and
inner-line configuration are considered for the weft and binder yarns respectively
to account for the cross-section shapes variations. Geometrical operations are
applied to shapes the discretised lines. Shapes of the binder and surface weft
yarn corresponding to different binder contents and tensioning can be obtained

automatically, resulting in an efficient production of simulation-ready RVEs.
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Mechanical simulations have further shown the importance of including the
stitching yarn, out-of-plane undulations and local fiber-reinforcement distor-
tions in models for stiffness and damage initiation predictions. The approach
can be adopted for both the construction of physical models and as tool to in-

vestigate the effect of binder parameters on the overall mechanical behaviour.

In future works, firstly, the possibility of the approach to generate unit-cell
models for different 3D woven configurations (angle-interlock or layer to layer)
should be assessed, including more explicitly the potential effects of transverse
compaction on the binder yarn centerline and cross-section variations shapes
as well as centerline deflections of the in-plane fiber-bundles as an output of
the procedure. Secondly, unit-cell models for the different binder configuration
should be both qualitatively and quantitatively compared in terms of geometries
and mechanical behaviour. Finally, the finite element simulations should be
extended by more elaborate damage initiation models (Puck [67], Hashin [68])
and by damage constitutive laws for strength modelling purposes, as well as
by out-of-plane loading conditions to assess the out-of-plane behaviour of these

RVEs.
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