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Abstract

This contribution presents an approach to generate unit-cell models of structural stitched non-
crimp fabric composites. Resin-rich regions and out-of-plane undulations caused by the stitching
yarn are represented by initially straight discretised lines, while the stitching yarn is represented
initially by a single discretised line which can be transformed into a multi-line configuration to
model stitch cross-section variations. The discretised lines are shaped by geometrical operations
with a contact treatment and boundary conditions being used to account, respectively, for line
interactions and to control the shape of the bottom and top surfaces of each lamina respectively. A
fiber-reinforced distorted zone with local variations in fiber volume fraction and fiber direction is
modelled in cross-sections of the lamina in a post-processing step. Models for different stacking
sequences and stitching parameters are then automatically generated and subsequently being in
the stiffness calculation and damage initiation assessment using finite element based mechanical
simulations.

Keywords: structural stitched non-crimp fabric composites, geometrical model generation,

mechanical simulation, deformable stitching yarn.

1. Introduction

Stitching is a technique by which a high-strength stitching yarn can be inserted through the
thickness of non-crimp fabric laminates to increase their out-of-plane properties [[1H3]. The out-

of-plane properties can be tailored by stitch parameters such as stitch content, diameter, pattern and
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tensioning [4H7]]. However, the insertion of the stitching yarn distorts the in-plane fiber-reinforced
regions. Experimental investigations have been ambiguous on whether the in-plane mechanical
properties are increased, decreased, or remain unchanged by these distortions [3} [8H13]]. On the
other hand, it is generally accepted that stitching sites are acting as stress concentrations regions
which causes early damage initation. [9}[10}[14H18]]. Unit-cell models have been shown a valu-
able approach to help understanding trends from experimental observations as a function of the
underlying reinforcement geometry [19,20]. The main geometrical features of the reinforcement

architecture should then be characterised and be included in these models [21} 22].

Resin-rich regions, local fiber-reinforced distorted zones, out-of-plane undulations in the sur-
face lamina and a deformable stitching yarn are the main features present in stitched non-crimp
fabrics composites. Their shape and size further depend on the stitching parameters and on
the main fiber direction in each lamina, with respect to the stitch direction (Fig. E}a) [21524]].
Eyelet-shaped resin-rich regions arise for small stitch content and can evolve into channel-shaped
resin-rich regions for larger stitch content in laminae in which the fibers are aligned in one of the
stitch pattern directions (Fig. [Tb). The width of the resin-rich regions in a lamina depends on the
angle between the main fiber direction in the lamina and the stitch direction (Fig. [Ib) and is larger
in a surface lamina compared to an inner lamina. Asymmetrically shaped resin-rich regions are
present in laminae with fibers not aligned in one of the stitch pattern directions [9]]. Local varia-
tions in fiber volume fraction and fiber misalignment are present in the fiber-reinforced distortions
zone [25]. Centerline deflections and cross-section shape variations of the stitching yarn should
be conform with the neighbouring lamina distortions and are further affected by the stitching yarn
tensioning, and by transverse compaction processes. Non-crimp fabric composites have further
comparable (but smaller) geometrical features [26-30] while stitching imperfections may also
results in certain geometrical features of the reinforcement architecture (as fiber-weaving [31H33]],
an inclined through-the-thickness segment of the stitching yarn [23]], crimp of the through-the-

thickness segment [21]], or fiber breakage due to stitch insertion [[L1]).

Analytical modelling approaches have been adopted in literature to include the presented fea-
tures in geometrical unit-cell models in which the laminae were often assumed straight [[10} 23 34

37)]. The resin-rich regions are then represented by a cosine-, orthorhombic- or rectangular shape.



The fiber-reinforced distorted zone has been modelled by a rectangular region in which the fiber
direction [34} [35] and the fiber volume fraction [25] are assumed to linearly evolve between the
resin-rich region boundaries and the undistorted zone. The out-of-plane undulations (in non-crimp
fabrics), which are present due to the small binder yarn, have been modelled by either introducing
a locally curved region at the corresponding locations underneath the binder yarn as in [38]], or
by considering a straight lamina with changes in the local material axis system representing the
fiber waviness as in [39, 40]. The stitching yarn is modelled in [10l 23} 136} [37] by straight and
circular segments with a circular cross-section in the through-the-thickness segment and an ellip-
tical cross-section in the top segment, and with a full fiber compacted state for each cross-section.
The simplified modelling for both stitching yarn and lamina resulted in interpenetrations, which
were resolved in the finite element model construction by the adoption of a mesh superposition
techniques. An example of a stitching yarn geometry obtained from a micro-CT scan can be found
in [41]]. The models presented so far in literature can only partially account for the main geo-
metrical features which further highlights the difficulty of using an analytical modelling approach
for describing the geometry of deformable stitching yarns incorporating the lamina distortions
and the complex shapes of the reins-rich regions that arise for different stitching parameters and

stacking sequences.

A computational approach was recently presented to generate unit-cell models of Z-pinned
laminates [42]. The resin-rich regions and the pin of the Z-pinned laminates unit-cells were rep-
resented by initially straight discretised lines. The discretised lines were shaped by a geometrical
inflation, rotation and straightening operations while a geometrical contact treatment accounted
for line interactions. The fiber-reinforced distorted zone was modelled on cross-sections of the
laminae in a post-processing step, hereby accounting for local variations in the fiber volume
fraction and in the fiber direction near the pin due to pin insertion and pin rotation. The compu-
tational approach was then adopted and extended for 3D orthogonal woven composites unit-cell
models [43], in which a novel inner-line configuration was introduced (similar to the multi-chain
digital element configuration used in [44-49] for the generation of 3D woven models) to account
for cross-section shape variations of the binder yarn. The computational approach was shown
to satisfactorily introduce geometrical features by geometrical operations in the models without

incorporating explicitly the mechanics of manufacturing in the model generation.



Here, the computational approach presented in [42]43]|50]] is adopted and further extended for
the generation of structural stitched non-crimp fabric composite unit-cell models. The contribu-
tions of this manuscript are: (1) the presentation of a novel approach to generate unit-cell models
of stitched laminates, including an inner-line configuration for fiber-bundles to account for cross-
section deformations, and (2) the generation of unit-cell models including out-of-plane undulations
in surface laminae, variations of local fiber-reinforcement distortions near the stitching yarn and a
deformable stitching yarn which is conform with the neighbouring lamina. The novelties towards
the framework are the introduction of a deformable stitching yarn and a fiber-reinforced distorted
zone model for generally shaped cross-sections, and in the analysis of out-of-plane undulations,
the presence of the stitching yarn and matrix boundary layer on the stiffness and damage initiation

stress-levels.
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Figure 1: Stitched non-crimp fabric composites: (a) stitching yarn insertion and tensioning, (b) resin-rich regions in a

lamina for small and large stitch content and different fiber orientations.

2. Geometrical model generation

2.1. Overview

Unit-cell models of structural stitched non-crimp fabric laminates are generated by a geometry-
based framework for different stitching parameters. In this work, a modified lock stitch pattern
and a stitch direction along the x-direction are considered for the generated unit-cell models (as

illustrated in Fig. [Th). The following assumptions and simplifications are used:



1. The modified lock stitch pattern, which consists of a continuous fiber-bundle located on the
bottom and top of a laminate (see Fig. [Th), is simplified represented by two unconnected
U-shaped fiber-bundles (see Fig. [Zp).

2. The laminae of the non-crimp fabric laminate are assumed to be straight and initially
homogeneous in local fiber direction and fiber volume fraction.

3. The minor geometrical features of the binder yarn distortions in the non-crimp fabric
laminae, the crimping and the inclination of the through-thickness segment of the stitching
yarn, the fiber-weaving for irregular stitch patterns and the broken fibers are not considered
in the model generation.

4. The mechanics of the fiber-reinforced regions (such as bending and compaction behaviour)
are not considered, but their effect on the geometrical features of the lamina and stitching

yarn are accounted for by the geometrical operations.
The experimental data required for the unit-cell model generation are the following:

1. The laminate-stacking sequence, the thickness of each lamina, the initial cross-section
dimensions of the stitching yarn, the stitch content and the out-of-plane undulations in the
surface lamina are needed to set up the initial unit-cell model. The laminate thickness
and the out-of-plane undulations need to be measured in the final stitched laminate, hereby
accounting for the effect of transverse compaction on these features in the generated unit-cell
models.

2. The length and the width of the resin-rich regions, the amount of stitching yarn tensioning
(which correlates with the local deflection of the stitching yarn in its most curved region) and
a measure of the flattening of the cross-sections located at the top-segment of the stitched
yarn are needed to set the parameters of the geometrical operations.

3. The fiber-volume fraction in the initial undistorted laminae and in the stitching yarn, the
maximum local fiber-volume fraction and a local width of the fiber-reinforced distorted

zone, are required in the fiber-reinforced region models.

The shape of the geometrical features and the distortions in the fiber-reinforced regions are
automatically obtained during the model generation and will be compared with experimental ob-

servations presented in Section 4]



As part of the geometrical framework, lines are further used as a tool to shape the geometrical-
features of the distorted-lamina and the stitching yarn (as similar to the line-concept being used in
[42] 143, 150]). The lines here are considered as three-dimensional geometrical-entities, described
by a center-line and cross-section dimensions along this centerline. The term ’lines’ is further

used to represent these three-dimensional-geometrical entities.

An overview of the unit-cell model generation approach is presented in Fig. [3] The effect of the
assumptions and simplifications on the stiffness and damage initiation stress levels are discussed
in section[6.2] The same framework can further be extended to generate unit-cell models including
other stitching patterns, other stitch-yarn geometry, lamina undulations, as will be part of future

work.

2.2. Initial model

The stitching yarn (corresponding to a modified lock stitch pattern) is represented by two
U-shaped lines and an initial constant circular cross-section (see Fig. [Zp). The U-shaped lines are
aligned in the stitch direction (x-direction). Their through-the-thickness segments are positioned
near the unit cell center Pc on a very small distance Xg,,4;; from each other and their horizontal
parts are positioned on a distance z; from the bottom or top of the unit cell. The lines are fur-
ther discretised in segments with a length equal to one third of a typical stitching yarn diameter

(120pm) [23).

Laminae are represented by initially straight lines that are aligned in their main fiber direction
ﬁam (see Fig. -c). The lines are positioned near the through-the-thickness segment of the
stitching yarn to represent potential resin-rich regions that arise upon the insertion of the stitching
yarn belonging to the unit-cell itself. For inner laminae with fibers not aligned to the main stitch
pattern directions, lines are additionally introduced to account for potential resin-rich regions
caused by neighbouring stitching yarns (see Fig. [2b). The length of the potential resin-rich
regions is hereby limited to the length of the lines that are currently employed to represent the
resin-rich regions, where this length can easily be enlarged by adding more lines at corresponding
opening locations. For the surface laminae (see Fig. [2t), lines are additionally positioned near

the out-of-plane borders of the lamina to account for potential out-of-plane undulations caused



by stitching yarn tensioning. A small line-radius is further attributed to each line (for contact
treatment) and the lines are discretised in line segments with a length of 120um (similar to the

length of the stitching yarn line segments).
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Figure 2: Initial model: (a) stitching yarn model, (b) inner lamina model (lines representing potential resin-rich regions),

(c) surface lamina model (lines representing potential resin-rich regions and out-of-plane undulations).

2.3. Geometrical tools

The discretised lines are shaped by geometrical operations in subsequent steps while a contact
treatment accounts for line interactions (see Fig. [3). A straightening, a single-line inflation, a
multi-line inflation and a flattening operations are considered here as geometrical operations. Each
step intends to introduce a geometrical feature in the model or simply transforms the single-line
configuration of the stitching yarn into a multi-line configuration (see Table [I). The param-
eter gy, which controls the interaction between the stitch lines and lamina lines (see section
[2.3.1), is adopted in each step to constrain either the shape of the stitch lines or the lamina lines
(gs1 = 0 and g5; = 1 respectively). This constraining allows preserving the geometry of previ-
ously generated features, as such to have a larger control over the introduced features, while a
periodic straightening operation and displacement boundary conditions applied on the unit-cell
in-plane boundaries allow generating in-plane periodic unit-cell models. The step-wise generation

process is described in the sequel, followed by a description of the adopted geometrical operations.



Step 1, the stitch lines are inflated by the single-line inflation operation, hereby moving down
potentially the lamina lines to account for out-of-plane undulations of the surface lamina in the
generated unit-cell model (the out-of-plane undulations are controlled by parameter z; in Fig.
k). The initial circular cross-sections of partially inflated stitching yarns can be transformed
into elliptical cross-sections to account potentially for deformable stitching yarns (controlled by
parameter f in Eq. [3b] as will be explained in the sequel). During the stitch cross-section
transformation, interpenetrations can arise between the stitching yarn and laminae with fibers not
aligned transverse on the stitch direction (see Fig. [d). The interpenetrations will further be resolved
in step 4 by transforming the single line representation of the stitching yarns into a multi-line
representation and by introducing the multi-line representation gradually in the interprenetrated
configuration using a multi-line inflation operation.

Step 2, the stitch lines are shaped by the straightening operation to account for different shapes
of the stitching yarn centerline due to stitching yarn tensioning

Step 3, the lamina lines are straightened by the same straightening operation to locally smoothen
their deformed shapes near the stitching yarn (hereby having constrained the stitch lines).

Step 4, the single-line configuration of the stitching yarn is transformed into a multi-line
configuration to account for further cross-section variations of the stitching yarn. The multi-line
configuration is further introduced in the model by a multi-line inflation operation to account
for the potential interpenetration arising in step 1 and to generate shapes of the stitching yarn
conforming with the resin-rich region boundaries (hereby having constrained the lamina lines).

Step 5, a flattening operation is applied on the unit-cell model to mimic the effect of transverse
compaction on the cross-sections shapes of the stitching yarn. The lamina-lines are hereby
constrained as their geometries were shaped during the previous generation steps.

Step 6, the multi-line configuration of the stitching yarn is tensioned by the straightening
operation to account for different cross-section shapes due to stitching yarn tensioning (hereby
having constrained the lamina lines).

Step 7, the bottom and top surface of the unit-cell can be adjusted to generate models with a
stitching yarn that is fully embedded in the matrix rather than floating on top of the unit-cell.

Step 8, the local fiber volume fraction and fiber direction inside the laminae and the stitching

yarn are obtained in a post-processing step.



The parameters of the geometrical operations can be controlled by experimental data (as
explained in Section 4). The different steps of the geometrical operations applied attempt to
follow further the logic of the stitching process. Indeed, in a stitching process, (1) the stitching
yarn is inserted, and the fibers in the lamina are being pushed away, (2) the stitching yarn is
tensioned, pushing away further the fibers in the laminae, and shaping the stitching yarn geometry,
(3) the laminate is compacted, shaping further the stitching yarn cross-sections. The same logical

steps for the operations are adopted in setting the different steps of the generation procedures.

initial model inflation straightening straightening discretisation

Figure 3: Step-wise generation process: (1) initial model, (2) stitch inflation, (3) stitch straightening, (4) lamina straighten-
ing, (5) transformation stitch into multi-line configuration, (6) flattening, (7) stitch straightening, (8) adjusting bottom and
top surface of unit-cell box, (9) fiber volume fraction V¢ and fiber misalignment 6,;,; s distributions in a post-processing

step.

2.3.1. Contact treatment

The contact treatment between two interpenetrating lines is identical to the one presented in
[43]. The distance of a line node P to all other lines is evaluated (see Fig. [5). When local
interpenetration is detected, the line node P is moved along a direction D p by a fraction ¢ of the
interpenetrated distance d;,; (Eq. . The direction Bp in which the node P is moved is the
normal from node P onto the other interpenetrated line. The full interpenetration is suppressed
by the movement of line node Q which belongs to the other line (see Eq. [Ic)). The position of

all nodes is updated once all the movements are computed. This procedure is applied iteratively
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Figure 4: Inflation operation: (a) initial cross-sections transformed into elliptical cross-section for partially inflated

stitching yarns, (b) residual interpenetrations in laminae with fibers not aligned in the direction transversal on the stitch

direction.
step | operations idline ¢y parameter introduced geometrical feature
1 single-line inflation stitch 0 f width of resin-rich region
2 straightening stitch 0 S centerline of stitching yarn
3 straighening lamina 1 52 length of resin-rich region
4a multi-line representation  stitch 0 c deformablility of stitching yarn
4b multi-line inflation stitch 0 - cross-sections of stitching yarn
5 flattening - 0 Zimit cross-sections of stitching yarn
6 straightening stitch 0 53 cross-sections of stitching yarn
7 adjust box - - no-yes matrix

Table 1: Different steps during the generation, represented by the applied geometrical operation, a corresponding parameter,
the type of line on which the operation is applied, the contact parameter g,; and the geometrical feature which can be

used from experimental observations to set the corresponding parameter.

until the maximum interpenetration is below an allowable residual interpenetration distance.

dl,, =d - (R +R) (1a)
b, =q.d}, Dp (1b)
39, = (1-¢).d°,.D? (1c)

where R; and R; are the radii of the interacting lines, d; is the distance of point i to the other line,

and )_c’%m, and XP _ are the movements of point P and point Q respectively.
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The fraction g, which determines how lines are moved upon interpenetration, is set to be
dependent on the type of the interacting lines: two stitch lines are considered to interact symmet-
rically with each other (¢ = 0.50), lamina lines are allowed to remain interpenetrated (g = 0.00),
and the interaction between the stitch and the lamina lines is regulated by the fraction g,; which

can be set during each generation step to constrain the position of certain types of lines.

Figure 5: Contact treatment.

2.3.2. Straightening operation

Lines are straightened by redefining the position X; of each of their nodes i according to:

I -
X = 5(%‘—1 + Xi+1) ()

The operation mimicks the kinematics of a fiber upon tensioning [51,152]. Small extensions to this
implementation are required to account potentially for the effect of distortions in neighbouring
unit-cells on the geometry of the lamina and stitch lines. The lines that are straightened (called
master-lines in Fig. [6) are therefore extended at both sides by a corresponding part as illustrated

in Fig. [6] After straightening, the extended part can be used to update the geometry of slave-lines
(see Fig. [6p-b) or be removed (see Fig. [6).

2.3.3. Inflation operation
The inflation operation incrementally increases a line radius Ry;,. from O to a final radius

R/inal (Eq. . The final radius is considered as a fraction f of an initial stitching yarn radius

line

11
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Figure 6: Accounting for the effect of neighbouring unit-cell: (a) the stitching yarn, (b) an inner lamina with fibers not

aligned with a stitch pattern direction, (c) a surface lamina.

Rire (B. Bb).

init

— -1 line
Rlnine - Rlnine + n,‘::fl (321)
final _ init
Rine = f-Riine (3b)

where n;;; is the number of increments required to prevent the stitch lines from jumping over
the lamina-lines during the inflation operation. The initial circular cross-sections of partially
inflated stitching yarns are subsequently transformed into elliptical cross-sections by extending
their transversal dimension on the stitch direction, and by preserving the cross-section area (as

was indicated on Fig. [dp).

2.3.4. Inner-line configuration
Fig. [7]illustrates the transformation of the single line configuration of the stitching yarn into a
multi-line configuration. The initial cross-sections of the stitching yarn are discretised in circles

which are defined by their center points and line radius. The center points are considered as the

12



points of a uniform triangulation, not be confused with FE nodes and whereby the number of
nodes can be regulated by adjusting the uniform mesh size. The line radius Rj;;. is determined

by the number of lines ¢ and the initial fiber volume fraction Vf, gi;cp, of the stitching yarn:

[V stiten-mab
Rline _ f.stitch (4)
Tc

where a and b are the long and short axis dimensions of the elliptical cross-section (of the stitching
yarn) respectively. The cross-sections are then transformed from the 2D plane configuration into
local coordinate systems that are attached to the stitching yarn centerline (see Fig. [7h), whereafter
the center nodes of the circles between adjacent cross-sections are connected to obtain the multi-

line configuration (see Fig. [7b).

i,
e"%"l%lﬁ;l’;z

Figure 7: The construction of an inner-line configuration for the stiching yarn: (a) the initial single-line configuration, (b)

the multi-line configuration, (c) different cross-section discretisations (¢ indicates the number of lines.

2.3.5. Multi-line inflation

The multi-line inflation gradually inflates the cross-sections of a multi-line configuration from
a reduced size to its original dimensions. It hereby gradually moves the position of the center
points in each cross-section away from the stitching yarn centerline and adjusts the radii of the
lines. The distance dp,0in: 0f a center point in each cross-section to the cross-section center C, and

the corresponding direction l_jpm-m (see Fig. ), are first determined:

dpoint = ||£painz - Xcll (5a)

5[mint = (}pr)int - fC)/dp()int (5b)
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The position of each center node X,,0i,; and the radius Ry, of each lines can then be incrementally

updated according to:
- - i .
'x;)oint =Xc+ (Z)'dpoint'Dpoint (6a)
; i
Rlline = (;)'Rline (6b)

where i is the increment number. The number of increments n should be large enough to prevent
the crossing of the stitch lines over the lamina lines during the multi-line inflation operation:

( max(dpoint)

p ) < (Rlam + Rsl‘il‘c‘h (7)

line line

where Rlll“n"; and Rfi’rf’;h are the radii of the lamina lines and stitch lines, respectively. An example

of the stitching yarn and its cross-section at different stages during the multi-line inflation operation

is illustrated in Fig. [8p.

u 0.10 0.50
a) b)

Figure 8: Multi-line inflation operation: (a) a discretised cross-section (b) different inflation levels of the stitching yarn.

2.3.6. Flattening operation

A top boundary vertical position is gradually decreased from z;""". to z{llm"f'tl while lines coming
into contact with this border are moved to the corresponding position (see Fig. [0). The self-contact

between the lines is processed by the contact treatment.

2.3.7. Boundary conditions
Displacement constraints are applied on the nodes that are located on unit-cell borders, to keep
the unit-cell borders straight and periodic, and on the bottom of the surface laminae to keep the

bottom straight. The displacement constraints are enforced by moving the nodes geometrically

14



Figure 9: Flattening operation whereby a vertical limit z;;,,;, is gradually lowered.

from the specific locations (unit-cell borders, bottom of surface lamina) after each iteration step

back to their intended position.

2.4. Fiber-reinforced distorted zone model in lamina

Figure 10: Generated cross-sections for: (a) surface and inner laminae, (b) the stitching yarn.

The fiber-reinforced distorted zone and the corresponding local fiber volume fraction and fiber
direction are modelled on cross-sections in the lamina (as illustrated in Fig. @). The cross-
sections are obtained from the discretised lines by intersections perpendicular to the main fiber
direction in the lamina and by accounting afterwards for the line radius of the lamina lines. The
fiber-reinforced distorted zone in each cross-sections is assumed to take place only in a limited
region near the deformed border of the cross-section. The width of the fiber-reinforced distorted
zone in each cross-section is furthermore considered to be dependent on the local movement of
the border (see Fig. [[Th). Local distorted zones near each line in a cross-section will therefore

first be constructed and then combined into a global distorted zone.
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Figure 11: Local distorted zone model near a line in a cross-section: (a) an undeformed and deformed cross-section (green
and blue respectively) indicating the model parameters (the circles in the top cross-section represent the intersections of the
discretised lines at the cross-section location), (b) the assumed fiber volume fraction V¢ and fiber direction f distribution

near a line in cross-section along a local axis v;.

2.4.1. Distorted zone near a line in a cross-section

The distorted zone near a line i in a cross-section at position u (see Fig. [ITh) can be char-
acterised by two regions with different fiber volume fractions and fiber direction distribution,
similar to concepts presented in [42]]. The first region, which is the closest to the deformed border,
is characterised by a constant but increased fiber volume fraction V¢ . ;(u) and a constant fiber
direction floc(u, i) that is tangent to the boundary of the resin-rich regions or at the top surface
of the lamina. The second region, which is located between the first region and the undistorted
zone, is characterised by a fiber volume fraction and a fiber direction linearly evolving between
both regions. The widths of these first and second region in a cross-section at position u near a

line i are represented by d; 1 (1) and d; 2(u) respectively.

The parameters d; 1 (u), d;»(u) and Vy . (u, i) are computed based on the following assumptions.
First, an amount of fibers that is equivalent to v;().Vy 1am is assumed to be redistributed locally

according to [42]]:

d;
Vi(u)'Vf,lam = (di,l(u) + %)'(Vf,c,i(u) - Vf,lam) (8)

where v;(u) is the movement of the line i at position « and Vy jam, is the initial fiber volume fraction

in the lamina. Secondly, d; ;(u) and d; 2(u) are assumed constant along each line i. Thirdly, d;
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is considered a multiplication of d; »:
diy = k.d;p 9)

where k is considered equal for each line.

The local fiber volume fraction in the lamina near the stitching yarn is assumed to depend linearly
on the local movement of the stitching yarn and is assumed to be equal to the maximum fiber
volume fraction Vy, 4, for local movements of the stitching yarn larger than dp,qx:

Vi
Vf,i = Vf,lam + dlmax

max

(Vf max Vf,lam) < Vf,max (10)

where v; ,,,4x represents the local movement of the stitching yarn locally near a line i and is deter-
mined from the maximum displacement v of the line i. The maximum local fiber volume fraction
Vf.max is considered to be 0.9, representing the fiber volume fraction of a fully packed hexagonal
fiber-configuration [53]]. The distance d,;,, is considered 100um, being approximately 10 times
a carbon fiber diameter. The system of equations is then solved by first computing the increased
fiber volume fraction V. ;(u) in the cross-section underneath the stitching yarn (using Eq. ),
followed by the calculation of d; ;| and d; > using Eq. -@), from which afterwards V. ;(u) can

be computed for each line i at each cross-section position u.

The values of the distorted zone parameters are then assigned to circular-shaped distorted
zones as illustrated in Fig. . The fiber volume fraction V;; and the fiber direction ﬁoc,i
distributions near a line i in a cross-section at position u for such circular-shaped distorted zones

can be described as:

\ (dri <)

VEi(r 1) = 3 Ve tam + (G5 Vi i) = Viam) (g <7 < doy) an
V,c.i(u) (r<d;)
fram (doi <r)

Fioeirst) = { fram + (i iliif W foorder.i() = fam) — (dii <7 < day) (12)
Toorder,i(u) (r<d;)

where r is the distance from a point to the point center C; corresponding to line i.
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2.4.2. Distorted zone in a cross-section
The global fiber volume fraction field Vy(u, v, z) is determined in each cross-section by taking

locally the maximum of the local fiber volume fraction fields Vy;:
Ve(u, v, 2) = max(Vy,i(r, u))

The global fiber direction field ﬁoc (u, v, z) is defined in each point of a cross-section as the local

fiber direction belonging to the line i from which the fiber volume fraction was obtained:
Jioc(Wsv,2) = fioe,i(,v,7)  with i satisfying Vi(u,v,2) = Vy,i(u, v, z)

The fiber misalignment 6,,,;5, which is often used in the illustrations to represent the fiber direction
in a lamina, is defined by the angle between a local fiber direction and the main fiber direction in
the lamina. Examples of obtained fiber volume fraction, and in-plane, out-of-plane and total fiber

misalignment distribution in a cross-section are illustrated in Fig. [I2p.

all

Vf o.50mmm 0.90 Omis O M 20

B .
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=

a) b)

Figure 12: Distorted zone model in a cross-section: (a) a circular-shaped local distorted zone near each line, (b) the

obtained fiber volume fraction V¢ and fiber misalignment 6y,,; s distribution, as well as the in-plane and out-of-plane fiber

out

misalignment distribution (Hf'fis and 0" respectively).

2.5. Fiber-reinforcement model in the stitching yarn
A constant fiber volume fraction and fiber direction are assumed in each cross-section of
the stitching yarn (which was illustrated in Fig. [IOp). The constant fiber volume fraction in a
cross-section at position s along the stitching yarn is determined as:
Ainit

Ade f nrm(s )
where A;,i; and Ageform are the initial and deformed area of the cross-section, respectively, and

Vi(s) = Vi stitch (13)

V¥ stitcn is the initial local fiber volume fraction of the stitching yarn. The constant fiber direction

in each cross-section is taken as the local tangent to the centerline at the cross-section position.
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3. Reference material geometry

The reference material geometry is considered here to be a 4-layer laminate that is structural

stitched, with the following parameters:

1. The laminate has a stacking sequence [0/90/90/0], with an assumed initial homogeneous
fiber volume fraction in each lamina of 0.500 (similar with [3]) and a lamina thickness of
each equal to 300um (similar to [35]).

2. The stitching yarn has an initial fiber-volume fraction of 0.500 and an initial circular cross-
section diameter of 0.100mm (conform with [23]).

3. A stitch content of 2% has been adopted which results in unit-cell-dimensions of 1750x1750vm.

The size of the geometrical features in the lamina and the stitching yarn are varied using the
parameters of the geometrical operation (see Sectiond). The shapes of the geometrical features
corresponding to the geometrical parameters variations is validated by experimental observations.
A summary of the experimental data which are further used in the geometrical model generation
section and the mechanical simulation section, is presented in Table[I] The charts obtained by
varying the parameters of the geometrical operations (see Section ) can then be used to set the
value of these geometrical operation parameters in the generation of unit-cell models for specific
specimens corresponding to defined stitching parameters. An in-depth one-to-one comparison
of experimental specimens with models for different stitching parameters will be considered in a

future work.

4. Generation of geometrical features

Unit-cell models with different values for the geometrical operation parameters are generated
to illustrate the possibilities of the framework to generate unit-cell models including geometrical
features corresponding to different stitching parameters. The generated geometrical features are
qualitatively compared with trends obtained from experimental figures. The graphs, which are
relating the geometrical operation parameters with the size of geometrical features and which are
obtained from the generation process (see following sections), can be used to set the parameters

according to experimentally obtained features.

19



4.1. Centerline of the stitching yarn

Different shapes of the stitching yarn’s centerline can be obtained by varying the number of
straightening operations s; or the contact parameter gy; in generation step 3. In Fig. [[3h, the
parameter s; is varied while having set g5; equal to 0. In Fig. [I3p, the parameter gy, is varied while
having set s equal to 10. The parameter s; increases the main deflections of the centerline while
the parameters gy; fine-tunes its shape in the highest curved region. The shapes of the stitching

yarn centerlines compares satisfactory with experimental observations presented in [3 [9].
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Figure 13: Different shapes of the stitching yarn centerline by varying: (a) the straightening parameter s; and (b) the

contact parameter g, .

4.2. Shapes of the resin-rich regions

The complexity in shapes of the resin-rich regions for different laminate stacking sequences
and stitch content, which can automatically be generated in step 2, is illustrated in the following
(Fig. [T4). A [90°/0°/30°/90°] stitched laminate with a stitching yarn initial radius of 100um is
considered. The unit-cell size is taken as either 3550um or 1770um for a stitch content of 0.5% or
2% respectively. In Fig. [T4] the seamless transition from an eyelet-shaped into a smooth channel
shaped resin-rich region for increased stitch content can be obtained. The width of the resin-rich
regions that depends on the angle between the fiber direction in the lamina and the stitch direction
is also captured; and the asymmetrical shapes of the resin-rich region and fiber misalignment
distributions in lamina with fibers not aligned in stitch pattern direction are also obtained. The
eyelet-shaped and channel-shaped resin-rich regions, and the widening-shapes of the resin-rich

regions near surface lamina can also be observed in [9, 23]].

4.3. Cross-section shapes of the stitching yarn
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Figure 14: An illustration of the shapes of resin-rich regions and fiber misalignment distributions 6,,,; s in stitched laminae

for different orientations of the main fiber direction (0°, 30° and 90°) in the lamina and different stitch content: (a) a stitch

content of 0.50%, (b) a stitch content of 2.00%.

First, the number of lines in the multi-line configuration (parameter ¢ in Eq. (7)) is determined
by a convergence study on the geometry of a stitching yarn on which a certain number of
straightening operations were applied. Afterwards, the cross-section shapes of the stitching yarn
for a different number of straightening operations applied on the stitching yarn mimicking different

stitching yarn tensioning stages, are illustrated.

4.3.1. Convergence study on the number of lines

Fig. [T5]illustrates the effect of using a different number of lines ¢ (in generation step 4) on
the geometry of a tensioned stitching yarn. Cross-section discretisations with 7, 14, 36, and 64
lines were analysed and the effect of the number of lines was investigated on the deformed shapes
and area of the cross-sections located at given positions along the stitching yarn (see Fig. [I3h).
It can be seen that the shape and area of the considered cross-sections converges and that this
convergence is already taking place for a number of lines equal to 14. So, ¢ equal to 14 is used in

further model generations (see Table [T)).
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4.3.2. Mimicking different stitching yarn tensioning

Cross-section shape variations in the stitching yarn corresponding to different stitching yarn
tensioning states can be generated by setting a different number of straightening operations s3
in step 5 (see Fig. [I6h). The cross-sections in the most curved region (plane 2) are the most
affected by increasing the value of s3, while the cross-sections in the through-thickness (plane
4) are barely affected by this parameter. The latter can be explained from the highly compacted
states of the multi-line configuration in the through-thickness segment of the stitching yarn due to
multi-line inflation process (see Fig. [I3)), with a fully compacted state in the through-the-thickness
segment of the stitching yarn also being considered in the analytical models presented in [53].
More compacted states of the stitching yarn can further be observed from the fiber volume fraction
distribution contour plots presented in Fig. [I6p for increasing values of s3. The more compacted
state in the curved segment of the stitching yarn can be observed in [41], while the gradual

reduction in cross-section dimensions and the flattening of cross-section in the top-segment can

be observed in [3]].

vf=0.78 vf=0.79 vf=0.73
b) c)

Figure 15: Convergence study for the number of lines ¢ on the geometry of a tensioned stitching yarn: (a) the cross-section
locations, (b) the initial cross-sections corresponding to different lines, (c) the deformed cross-section shapes and local

fiber volume fraction.
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Figure 16: Shapes of a tensioned stitching yarn for varying straightening parameter s3: (a) cross-section shapes and (b)

fiber volume fraction V distribution.

5. Mechanical simulations

The geometrical models can afterwards be transformed into FE-based unit-cell models using
the procedures as presented in [50]. The unit-cell models are subjected to periodic boundary con-
ditions on their in-plane borders while their bottom and top surfaces remain free. Carbon fibers
and epoxy matrix are considered as constitutive materials for which properties are presented in
Table[2] The properties of the fiber-reinforced region in function of the local fiber volume fraction
are obtained using the Chamis-formulae [54] (for stiffness) and emperical formulae presented in
[53] (for strength) in which the local fiber direction is used to define the local material axis-system
in which these properties are assigned. A global strain of 0.50% is then applied on the unit-cell
model, a straining level that has been shown experimentally to cause early damage initiation in

stitched laminates [10, [T6].

A global strain of 0.50% is applied on the unit-cell to compute its stiffness and to assess the
presence of regions in which damage may be initiated caused by the geometrical imperfections
at this strain-level relative to an unstitched reference laminate. Linear elastic simulations has
been used during the assessment, with the intention to capture changes in stiffness and stress
concentrations relative to the unstitched laminate. Non-linear materials models and non-linear
simulations, required to predict complete failure and thereby the strength of the unit-cell models,

will be part of future work.
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Additionally, the mesh size parameters (as presented in [50]]) have been assessed using a mesh-
convergence study on the stiffness and on the damage initiation indicators (which are described in
section @ The number of mesh elements depends on the size of the unit-cel model, which is
correlated with stitching-yarn spacing, and the mesh size parameters. A minimum mesh size of
15um was taken in the locally refined regions in-between the lamina and between the lamina and
stitching yarn, which has been taken equal to the gap between these geometrical-entities introduced
during the geometrical unit-cell model generation to facilitate subsequent mesh generation (see

(50D).

The order of magnitude for the number of elements is in the order of 10°. The order of
magnitude for the computational time to perform both the geometrical model generation and the

subsequent mechanical simulation is in the order of minutes.

Stiffness  carbon fiber epoxy matrix strength carbon fiber epoxy matrix interface
E11(GPa) 231 3.45 X11,/(MPa) 3500 70 -
Ex»(GPa) 15 - X11,c(MPa) 3000 130 -
E33(GPa) 15 - X12(MPa) - 57 -

Via 0.20 0.35 e, (%) 1.51 45 -

Vi3 0.20 - e, (%) 1.30 8 -

V23 0.20 - ], (%) - 5 -
G12(GPa) 15 1.28 Xun(MPa) - - 80
G13(GPa) 7 - X,:(MPa) - - 100
G23(GPa) 7 -

Table 2: The stiffness and strength properties of carbon fiber (type AS4 [56]) and epoxy matrix (type 5260 [56]), and the

strength properties of the interface between the fiber-reinforced regions and the matrix [S7].

5.1. Analysis methodology

The mechanical simulations performed in this work are linear-elastic and the local damage
initiation levels are evaluated by simple maximum stress-criteria. The stiffness of the unit-cell

models is computed and normalised by the stiffness of the equivalent unstitched laminate model.
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The local stress-levels are evaluated based on their risk to locally initiate damage. Transverse and
shear damage in the fiber-bundles (via f>; and fi, respectively), interface debonding between the
fiber-bundles and the matrix (via f;,;), and matrix damage (via f;,) are considered in the analysis,
as being the ones which can potentially arise (stated by the experimental observations presented
in [58,159]). The damage initiation indicators (f;;, fins, fin) are calculated by the maximum stress-
based criteria presented in [43]. A 97-percentile of the damage initiation indicators f;; (see
[43]]) is used ( ]‘37%) to compare the potential local damage initiated regions between different
models. Damage initiation indicators reaching values above one (f;; > 1), indicates the occurance
of damage initiation. The simple maximum stress-criteria can be extended by more elaborated

damage-based models (Puck [60], Hashin [61]) for future strength predictions.

laminate stacking sequence [0°/90°/90°/0°]
Viiam 0.500
unit-cell dimensions ~ 1750x1750x1200um>
ply thickness 300um

stitching yarn radius 100um*
V. stitch 0.500
content 2%
spacing 1750um

generation parameters f =0.80, s =7, s =50, s3=7, k=1, adjustbox=no

Table 3: The initial model and generation parameters for the stitched laminate model. The radius of the stitching yarn is
calculated from the stitching yarn spacing, the stitch content and an assumed initial circular cross-section of the stitching

yarn.

5.2. Models

The effect of stitching, local fiber volume fraction distribution and fiber misalignment, and
geometrical model simplifications on the stiffness and local stress concentrations is analysed by

the following three cases, using models which are geometrically characterised in Table 4

1. Case 1: the stitched laminate model (Fig. )(model 7) is compared with an equivalent

unstitched laminate model (model 1) to investigate the effect of stitching. The stitched
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laminate model is generated using the generation procedures and parameters as described
in Table [T and Table [3] respectively. The unstitched laminate model is taken as the initial
model without the stitching yarn and the corresponding distortions on the reinforcement

architecture.

. Case 2: the fiber volume fraction and fiber direction distribution in the lamina can be

considered either constant or variable to investigate the influence of fiber volume fraction

am

and fiber direction variations (models 2-5). The constant fiber volume fraction V} oonsy I
each lamina is hereby obtained by accounting for the resin-rich regions, while the constant

fiber direction fj,. in each lamina is the main fiber direction f,,, in the lamina.

Case 3: the stitched laminate model is compared with three simplified geometrical models
(Fig. [I7pb-d). The simplifications made in the models are a consequence of: not including
a stitching yarn (Fig. [[7p), not including the stitching yarn and out-of-plane undulations
(Fig. [T7c), and considering a matrix surrounding the whole unit-cell model (Fig. [I7d). For
the straight-border model, the surface lamina bottom and top boundaries were constrained

during the generation.

model  description V;am”xy Vi s (Omis >0 l’gio}‘j Omitey  Omix, O
1 equivalent 0.46 0.50 0.00 0 0 0
2 const Vy / const fioe 046 0.72 0.00 0 0 0
3 var Vy / const foc 044 090 0.00 0 0 0
4 const Vy / var ﬁoc,xy 0.46 0.72 0.37 12 0 12
5 const Vy / var fioe. 0.46 0.72 0.57 0 6 6
6 var Vy / VarﬁoC 0.44 0.90 0.64 12 6 13
7 no stitch 0.44 0.90 0.64 12 6 13
8 straight border 0.46 0.90 0.37 12 0 12
9 box around 0.36 0.90 0.65 12 6 13
Table 4: The in-plane fiber volume fraction V¢ and geometrical characteristics in the surface lamina for the different

models.
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a) b) c) d)

Figure 17: Different models illustrated by means of the fiber volume fraction V¢ and fiber misalignment ,,; s distribution,
and the generated mesh: (a) stitched laminate model, (b) no stitching yarn model, (c) straight border model, (d) box around

model.

5.3. Results

5.3.1. The effect of stitching (case 1)

The normalised stiffness of the stitched laminate model in the x- and y-direction is 1.01 and
0.85 respectively. The stiffness in the x-direction is slightly increased, while the stiffness in the
y-direction is largely decreased. The decrease in stiffness can be attributed to the fiber misalign-
ments, that are larger in the fiber-reinforced regions aligned in the y-direction, where the slight
increase in stiffness can be attributed to the presence of the stitching yarn. These results agree with

the experimental data presented in [I1]] which show the normalised stiffness to vary in between

0.80 and 1.20.

The local damage initiation indicators in the stitched laminate model for x- and y- loading are
summarised by their 97-percentile value in Table 5] The 97-percentile of the damage initiation
indicators is increased by a factor 2 to 3 in the lamina. Some indicators becoming above one
(fij > 1) when stitched, indicating early damage initiation. Transverse cracking in the surface

lamina is present for the x-loading, and shear cracking in the surface lamina and transverse
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cracking in the stitching yarn are present for the y-loading, with the locally failed regions (see
Fig. [I8) being situated near the stitching yarn. The stitching yarn experiences hereby damage for
y-direction loading but not for x-direction loading. Note that the damage initiation regions are
symmetrically on bottom and top of the laminate, while in physical models, the knot configuration
of the stitching yarn may cause increased levels of distortions and corresponding damage initiated

regions at the bottom of the laminate.

stitch surface lamina  inner lamina interface | matrix
97% 97% 97% 97% 97% 97% 97% 97% 97%
22 12 int 22 12 22 12 int m
x-load equivalent - - - 0.49 0.00 0.12  0.00 0.00 0.28

vaer/varfloc 030 038 075 | 094 049 025 027 0.13 0.63

y-load equivalent - - - 0.12  0.00 049 0.00 0.00 0.28
Vaer/Varfloc 1.85 0.12 0.64 | 0.85 1.70  0.84 0.08 0.38 0.56

Table 5: A 97-percentile of the local damage initiation indicator distributions in the equivalent unstitched and stitched

laminate model.

.f22>1
fio>1
of >1

Figure 18: Locally failed regions in the stitched laminate model for different load directions: (a) in the stitch direction, (b)

transverse on the stitch direction.

5.3.2. The role of fiber volume fraction and fiber misalignment (case 2)
The influence of fiber volume fraction and fiber misalignment variations on the normalised

stiffness and damage initiation for the stitched laminate model is illustrated in Fig. [I9] The

97%

normalised stiffness in the y-direction E,;,,m,y, and the local damage initiation indicators >

and ;)™ in the surface lamina for x- and y-loading respectively, are considered in the analyses, as
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Figure 19: The role of local geometrical features on the stiftness and local damage initiation indicators for the models

presented in Table[d]

these parameters have been shown to be the most affected by stitching (see case 1). The following
can be observed (see Fig. [T9): The normalised stiffness in the y-direction is evenly affected by
both fiber volume fraction and fiber misalignment variations. Transverse cracking in the surface

97%

lamina f;,"* is mainly affected by the fiber volume fraction (as in experimental observations

reported in [17]). Shear cracking in the surface lamina f1927% is mainly affected by the (in-plane)
fiber misalignment. Therefore, it is important to include the local fiber volume fraction and the

fiber misalignment in the models in order to predict correctly damage initiation.

5.3.3. The effect of geometrical simplifications (case 3)

r
>r

no stitch (7) straight borders (8) box around (9)

® x-load

y-load

e ®
1r ~ \ 4 - A o Y
o ()
°
°

L 1 1 ] IS I | IS I E—
0 97% _97% _97% 97% _97% 97% 97% _97% ,97%
Me T2 T2 Fine Me M2 Mo Fint Me M2 Tio Fint

a) b) c)

Figure 20: The effect of geometrical model simplifications on the stiffness and local damage initiation indicators for the
models presented in Tab]elé—_lt (a) no stitching yarn model, (b) straight border model and (c) box around model (r represents

the parameters of model, normalised by the corresponding parameters of the full stitched model).

29



The effect of simplified geometrical features on the stiffness and damage initiation indicators
in the surface lamina of the simplified models for x- and y-loading is illustrated in Fig. 20} The
stiffness and local damage initiation indicators of the simplified models are here normalised by
corresponding parameters of the stitched laminate model. The following can be observed (see Fig.
[20). A model which does not include the stitching yarn (model 7 in Table @) can provide a good
estimate for the stiffness but underestimates or overestimates the local damage initiation indicators
in the surface lamina. A model which does not include the stitching yarn nor the out-of-plane
undulations in the surface lamina (model 8 in TableE]) overestimates the stiffness in the y-direction,
and underestimate and overestimate even more the local damage initiation indicators compared to
a model which does not include the stitching yarn. A model which embeds fully the stitching yarn
(model 9 in Table f)) underestimates the stiffness but can still provide a satisfactory estimation of
the local damage initiation indicator with respect to the full laminate model. Both stitching yarn,
out-of-plane undulations and a matrix region which surrounds only the in-plane fiber-reinforced
regions should therefore be considered in models aiming at an accurate prediction of both the

stiffness and the damage initiation stress levels.

6. Discussion

6.1. Geometry-based framework compared with FE-simulations

The geometry-based framework offers a fast, simple and straightforward way to include
complex-shaped geometrical-features in unit-cells models. The shape of the geometrical fea-
tures are introduced automatically in the unit-cell models using a step-wise process in which the
shape of each geometrical feature is introduced separately. The size of the geometrical-features, as
being obtained from experimental-data, can be used in setting model-parameters. The geometrical
operations and the geometrical boundary conditions render the unit-cell model generation to be
in the order of minutes, which allows for parametric studies. The framework does not include
the mechanics of fiber-reinforced regions or the manufacturing processes, but it was shown that it
predicts satisfactory shapes of geometrical features for different stitching parameters including an

automated post-processing of the lines into finite element models using tools presented in [50]].

Finite-elements similuation tools could also be used to build unit-cell models of structural

stitched composites, similarly to the digital element technique which is used for unit-cell model
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generation in 3D woven composites (see [44H49])). The fiber-reinforcement in the lamina and the
stitching yarn will need to be represented by virtual fibers, modelled beam or rod-elements with an
enhanced fiber-radius to make the FE-simulations computationally feasible. The stitch insertion,
stitch tensioning and transverse compaction can then explicitly be accounted for. An explicit FE-
simulation should be adopted and special unit-cell boundary constructions should be constructed
(which may be similar to [46, 62]) to preserve periodicity during the unit-cell model generation.
Such FE-simulations then include to a certain extent the mechanics of the manufacturing process,
but they have been shown to be time-consuming for 3D woven-composites. They are also non-fully
predictive by requiring experimental data to fit the mechanical parameters of the virtual fibers.
Furthermore, the size and the shape of the geometrical features cannot explicitly-controlled, which

reduce the applicability for accurate geometrical model generation.

6.2. The model assumptions

The continuity and the knot-structure of the stitching yarn, the potential undulated-lamina due
to stitch insertion and transverse compaction, and minor geometrical features in the laminae are
not considered in the unit-cell-model generation (see section[2.1]). The effect of these assumptions

on stiffness and damage initiation stress levels can be the following:

1. The knot-structure may cause a slight increase of the stiffness in the stitch direction (due to
the horizontal continuity of the stitching yarn segments) and enhanced stress-concentrations
in the fiber-reinforced regions at the bottom-up of the laminate (due to the larger knot). On
one hand, the underestimation of the stiffness may however be limited due to the fact
that (1) the stitching yarn is only a small fraction of the in-plane fiber-volume fraction in
the stitch direction and (2) that it has been shown that the presence of the stitching yarn
affects barely the stiffness (see Fig. [20]a). On the other hand, the potential increased stress
concentrations are assumed to be in the same range of the other model simplifications (being

no fiber-breakage, asymmetry of stitching yarn, fiber-weaving between stitch positions).

2. Undulated lamina may cause a reduction of in-plane stiffness, and increased stress concen-
trations both at the lamina interfaces and in the nearby fiber-reinforced region located in
the most curved regions. On one hand, the surface-lamina undulations are already being

included partly in the out-of-plane undulation z,,;. On the other hand, the inner-lamina
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undulations are not included, but may be assumed to have an effect smaller than the surface

undulations.

3. The minor geometrical distortions are smaller compared to the distortions caused by the
structural yarn. Therefore, their effect is assumed negligible compared the distortions

caused by the stitching yarn, as similar to the assumptions made in [42] 43].

6.3. On the use of the percentile for damage initiation indicators in linear elastic simulations

Linear elastic simulations have been used to capture the stiffness and the stress distribution
changes that are caused by stitching. The stiffness has been computed using computational
homogenisation principles (as has been outlined in [S0]). The stress concentrations have been
assessed using damage initiation indicators, for which a percentile value has been considered. The
usefulness for a percentile on the damage initiation indicators to assess the stress concentrations

caused by stitching is emphasised in the following:

1. Weak or strong stress concentrations will be present in the complex-shaped geometries of
the stitched laminates. These stress concentrations are difficult to capture in linear elastic
simulations, (1) for which strong mesh refinements are needed, and (2) are even impossible
to capture if a singularity is present. By taking a percentile on the damage indicators, one
attempts to look at regions in which the stress concentrations are above a certain level, so
as to not look at the maximum value of the concentration itself, but rather to assess which
regions are close to damage initiation. It allows the use of linear elastic simulations, while

giving meaningful insights on the effect of stitching on stress concentrations.

2. The effect of stitching on the stiffness and on the potential for damage initiation is assessed
by comparing stitched unit-cell models with a reference unstitched laminate. Itis clear (from
the results presented in Section 5) that stitching is causing increases in the damage initiation
indicators near the stitch locations. These stress concentrations can be well presented using
the percentile on the damage indicators. The information about these effects of the stitching
on the damage indicators can be used, for example, to provide the right damage laws at the

right locations in future simulations.
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7. Conclusion

An approach was presented for the generation of mesoscopic unit-cell models for stitched non-
crimp fabric composites. The shape of resin-rich regions, out-of-plane undulations and stitching
yarn corresponding to different stitching yarn parameters could be obtained automatically by
changing the parameters of geometrical operations. A fiber-reinforced distorted zone model could
account for local changes in fiber-volume fraction and fiber directions in the fiber-reinforcement
region. The importance of including the stitching yarn, out-of-plane undulations and local fiber-
reinforcement distortions in models for stiffness and damage initiation prediction have been shown
by mechanical simulations. While the main objective of the present work relied on presenting the

novel RVE generation framework itself, an in-depth experimental program is part of future work.

Future work consists in: (1) performing an in-depth experimental study in which physical
samples for different stitch parameters are generated, and geometrically and mechanically char-
acterised to validate the approach, (2) extending the finite element models with more elaborated
damage initiation models towards strength model predictions, and (3) using the framework to gen-
erate more realistic unit-cell models for different stitch parameters including undulated lamina,

other stitch patterns, etc..
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