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Abstract

This thesis investigates the effects of tow-drop gaps, a common defect in composite laminates man-
ufactured using Automated Fiber Placement (AFP), on the tensile strength and failure behaviour of
composite materials. Tow-drop gaps occur when a tow in a composite ply is terminated upon encoun-
tering the boundary of an adjacent tow oriented in a different direction. The thesis was carried out in
close collaboration with Airborne Aerospace, a company specializing in manufacturing composite struc-
tures for aerospace applications with a specific interest in this topic. The study focuses on accurately
modelling these manufacturing defects, incorporating post-curing deformations such as fiber waviness
and resin pockets, and understanding their implications for practical applications like pressure vessels.

To achieve this, three specimen designs were developed and analyzed using Finite Element Mod-
elling (FEM). These models were used to assess tensile strength reductions and failure behaviours by
comparing baseline specimens to those containing tow-drop gaps. Initial results showed strength re-
ductions of 16—-21.6% across the three designs. However, updated results incorporating the (assumed)
post-cured laminate geometry revealed even greater strength reductions, though the exact increase is
hard to be accurately estimated. Predictions about failure based on the Hashin failure criterion high-
lighted mainly a tensile matrix failure mode, with assumed failure mechanisms involving predominantly
matrix cracking, delaminations and fiber fracture.

The findings emphasize the critical impact of tow-drop gaps on composite performance, highlighting
the necessity of incorporating defect-induced behaviours in design and analysis processes. Recom-
mendations for future research include validating results through physical testing, refining FE models
and possibly expanding the research to analyze overlaps as well, in order to obtain a clearer view about
the effect of AFP-induced manufacturing defects.
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Introduction

As is probably already known to the reader of this thesis, a composite material is created by assem-
bling two or more different materials to create a new material that combines the best characteristics of
each, or introduce a new set of features that none of the individual components could achieve alone
[1]. Therefore, the created composite material displays superior properties than those of its individual
constituents [2]. More specifically, a typical category of composite materials are the so-called fiber
reinforced composite materials, which consist of high-strength, high-modulus fibers embedded within
or bonded to a matrix, with clear interfaces separating them. The role of the fibers is to transfer the
loads effectively within the material and typically, in most applications they are glass, carbon or Kevlar
fibers (with some limited use of also boron, silicon carbide and aluminum oxide fibers), which come
in either short, long or continuous form. On the other hand, the matrix maintains the fibers’ position
and orientation, facilitates load transfer between them, and protects them from environmental damage,
such as high temperatures and humidity. Usually, the matrix is a polymer, metal or ceramic and in the
case of a polymer matrix, two different categories can be distinguished: thermoset (which are the most
common) and thermoplastic matrices [3].

Composite materials and especially carbon fiber reinforced polymers (CFRP) are well-known for
their exceptionally high strength-to-weight ratio compared to metals [3]. This characteristic is the main
reason of the widespread use of composite materials today, in several sectors (automotive, sports
equipment, renewable energy etc.) that demand structures with excellent strength but also as low
weight as possible. One of the main fields that composite materials gain more and more use over tradi-
tional materials such as steel, aluminium and titanium (as can be seen in Figure 1.1) is the aerospace
sector. To give a relevant example, around 53% of the total airframe weight of Airbus A350 is made of
composite materials (Figure 1.2).
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Figure 1.1: Evolution of composite material use in aircraft over the years [4]
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Figure 1.2: Material distribution on Airbus A350 [5]

As aforementioned, the increased percentage of composite materials in modern aircrafts (such as
the Airbus A350), drives the need for improvements in the rate and economy of composite manufac-
ture. For this reason, many manufacturing processes with high degree of automation are becoming
increasingly popular. One of these processes is the so-called Automated Fiber Placement process
(AFP), whose increased use over the years is evident in Figure 1.3.

1990
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26%

Figure 1.3: Adaptation of AFP over traditional manufacturing processes for composites [6]

During AFP, a gantry or robotic system with a fiber placement head is used to lay multiple strips
of composite material, known as tows, onto a tool surface. The tows are pre-impregnated with resin
(hence the name prepreg) and their typical width ranges from 1/8” to 1” (3.175 mm to 25.4 mm) [7]. To
ensure adhesion between the incoming tows and the substrate, appropriate process conditions such
as heating, compaction, and tensioning are used. The fiber tows are organized into courses, which are
then combined to form a ply, and multiple plies are layered together to create a laminate [8] [9].

To better understand the details of the AFP process, it is essential to examine its operational princi-
ples. The AFP process begins with the material supply unit (Figure 1.4), where spools of prepreg tows
are loaded. The feeding system then pulls the tows from these spools and guides them to the com-
paction roller. As the AFP head moves along the tool path, the tows are cut to the required length by an
integrated cutting mechanism. The compaction roller presses the tows onto the mould surface, some-
thing that ensures proper adhesion and minimizes air pockets. The tows are then guided accurately
onto the mold surface by a guiding unit, and in some systems, a heating element (as aforementioned)
may be used to soften the resin, improving adhesion and compaction. To finish the course, the tows
are cut perpendicularly to the travel direction and the AFP machine head is repositioned for the next
course [10] [11]. A schematic view of the AFP process, as well as a real-life AFP system can be seen
in Figures 1.4 and 1.5 below.
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Figure 1.5: AFP system [13]

It is clear that when applied on flat moulds, the AFP process is relatively straightforward and can
produce laminates with high reliability and accuracy, especially when laying down courses that are
composed of straight tows. However, during AFP, there is also an option to lay down courses with tows
that are steered according to specific guidelines. This process is called tow steering (or fiber steering,
since a tow consists of multiple fibers). A good example of flat panels with extensive implementation of
fiber steering are the so-called Variable Stiffness Panels (VSP) or Variable Stiffness Laminates (VSL),
which are AFP-produced laminates with fiber paths that are not straight, but curvilinear (Figure 1.6
right). The main reason for constructing panels with steered tows is to combine the stiffness and
strength properties of the laminate with specific load requirements. By steering tows along curvilinear
paths, the fiber orientation can be optimized to align with the principal stress directions, improving
performance under complex loading conditions.

Apart from flat surfaces, fiber steering can be implemented on curved surfaces as well. This feature
is particularly common in the manufacturing of CFRP-based pressure vessels, such as those used
for storing pressurized gases, such as fuels or oxidants, in aerospace (or other) applications. These
structures often feature complex curved geometries, including domed cap ends and cylindrical sections,
where maintaining optimal fiber alignment is essential to withstand internal pressures efficiently. AFP
allows for precise placement of fibers along curvilinear paths, ensuring the laminate meets the strength
and stiffness requirements for both axial and hoop loading (details about stress states in pressure
vessels can be found in Chapter 4). Due to specifications and requirements, it is crucial that each
layer of the laminate that composes a pressure vessel has the correct fiber orientation, according to
the nominal design. In the case of complex curved geometries (such as the cylindrical or dome-shaped
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Figure 1.6: Panels with conventional straight tows and steered tows [14]

sections of the vessel), this is harder to achieve, and it is possible that a deviation between the nominal
(desired) and actual fiber orientation angle occurs. Specifically, as the fiber tows are laid onto the
curved surfaces, they must conform to the shape, which causes stretching, compression, or distortion
of fibers to accommodate the surface curvature. Hence, it is essential to steer the tows appropriately,
guiding them through a non-linear path, to meet the specific requirements [15].

Fiber steering is beneficial in terms of accuracy of the final product, but can cause defects in the
laminate, including tow misalignment, tow waviness, tow wrinkling and upfolding [10]. However, one of
the most significant and common type of imperfections during AFP, largely due to fiber steering (as will
be explained in the following chapters) are gaps and overlaps. In a general context, gaps, as the name
suggests, are regions in the laminate (on the surface or internally) where a spacing between adjacent
fiber tows occurs (Figure 1.7 left). This spacing is typically filled with resin after curing, resulting in the
so-called “resin (or matrix) pockets”. On the other hand, overlaps occur when fiber tows are placed too
closely together, causing them to overlap each other and thus creating regions of increased thickness
(Figure 1.7 right). A categorization of these manufacturing defects, according to the way they are
created, will be made in Chapter 2, where more details will be given. As discussed in the same chapter,
this thesis will focus on evaluating the impact of gaps on composite structures, particularly those with
curved geometries, such as pressure vessels.

The present thesis has been carried out in close collaboration with Airborne Aerospace, a company
that manufactures composite structures for aerospace applications. Given this partnership, it was both
logical and advantageous to align the research on AFP-induced manufacturing defects with Airborne’s
existing projects, thereby addressing areas of mutual interest. The following chapters will present,
discuss and analyze all the relevant details taken into consideration in the context of this work.

Tapel Tape2 Tapel Tape2

"o

Gap Overlap

Figure 1.7: Gaps and overlaps schematic [16]



[iterature Review

2.1. Gaps and overlaps as defects induced by AFP

AFP is a process that offers plenty of advantages in the manufacturing of composite structures, includ-
ing and not limited to increased efficiency, complex geometry manufacturing, material optimization and
weight reduction. Nevertheless, these advantages rarely come without any cost. There are several
categories of imperfections (or defects) induced by AFP and most of them are well summarized in the
works of Harik et al. (2018) [17] and Heinecke and Willberg (2019) [10]. Among all these manufacturing
induced defects, as mentioned, perhaps the greatest importance can be found in the so-called gaps
and overlaps.

With the incorporation of fiber steering in AFP, two categories of gaps and overlaps can be dis-
tinguished: the ones due to tow misalignment and the ones due to the cutting (or dropping) of tows.
From here on, the former type of gaps and overlaps will be referred to as tow-to-tow gaps/overlaps
and the latter type as tow-drop gaps/overlaps. Tow-to-tow gaps and overlaps are created when the
shifted method is used to lay down the courses during AFP (Figure 2.1). Specifically, during the shifted
method, each new course that is laid down is identical in shape to the reference path (which is repre-
sented by the tow-path centerline) but shifted by a specified distance s perpendicular to the direction of
variation (along the ¢’ coordinate) [18] [19]. Thus, because with the shifted method the tows cannot be
placed perfectly next to each other so that the separate tow boundaries are merging (tow misalignment),
tow-to-tow gaps and/or overlaps are formed.

"7 Course2 e

"= Course 2
T 7 Course 1

~ ™ Course 1

~ Cowmse0

~ 7 Course-1

Figure 2.1: Schematic view of tow-to-tow gaps (left) and overlaps (right) [18]

The tow-drop method involves cutting a tow perpendicularly to the fiber direction at specific intervals,
with the drop positions determined by a chosen coverage strategy (0%, 100% or any other percentage in
between). In the 0% coverage case, the tow is dropped when one edge aligns with the adjacent course
edge, creating a fiber-free gap. In the 100% coverage case, the tow is cut after both edges pass the

5
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adjacent course, causing an overlap. A 50% coverage combines these two approaches (Figure 2.2).
Thus, if no overlaps are desired, the 0% coverage is used, while if no gaps are desired, the 100%
coverage is selected [20].

AFP is widely used in manufacturing structures with doubly-curved surfaces. Due to the geomet-
ric complexity of these surfaces, the finite width of the fiber tapes prevents perfect alignment without
overlaps. To avoid overlaps, modern AFP systems use a technique called 'tow-dropping,” which cre-
ates the characteristic triangular gaps in the lay-up (hence the naming tow-drop for this type of gaps -
Figures 2.2, 2.3) [7]. Such doubly-curved structures are prevalent in the aerospace industry, appear-
ing in components like aircraft and rocket fuselage panels, nose cones, and fuel tanks. Consequently,
understanding the effects of these tow-drop gaps is critical for ensuring the production of high-quality
composite laminates in aerospace applications.

In the production of composite laminates, ensuring structural integrity requires careful management
of gaps and overlaps introduced by the AFP process. One technique used to address these challenges
is "staggering”, where plies of the same orientation are intentionally shifted relative to one another. Stag-
gering prevents the alignment of course boundaries, overlaps, and tow-drop gaps across successive
plies, reducing the likelihood of stress concentrations and weak points in the laminate and is a method
that is very often used to mitigate the effects of accumulated AFP-induced manufacturing defects.

Boundary
curve

0,/ oy, .
(a) 0% coverage (b) 50% coverage (c¢) 100% coverage

Figure 2.2: Coverage strategies using tow drops in AFP [20]

Figure 2.3: Schematic view of tow-drop gaps (left) and overlaps (right) [18]

2.2. Failure criteria for composites

In order to estimate and quantify damage initiation, progression and failure in composite materials,
numerous failure criteria have been developed. These failure criteria are mathematical models or
frameworks designed to predict the initiation and evolution of damage in composite materials under
various loading conditions. They account for the unique anisotropic and heterogeneous properties of
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composites, addressing mechanisms such as fiber breakage, matrix cracking, fiber-matrix debonding,
and delamination. In this section, some of the most widely used failure materia will be presented, along
with the failure criterion that was ultimately selected to be used for failure assessment in this thesis.

2.2.1. Maximum Stress Failure Criterion
This is one of the simplest failure criteria, in which the strength parameters are compared against the
stresses parallel and perpendicular to the fiber direction within each ply. If these stresses are smaller
than the respective strength parameters, no failure occurs. In a mathematical sense, the Maximum
Stress Failure Criterion is described as follows [21]:

o011 < Xr (ifoppistensile) or o011 < X¢  (if 011 is compressive),
090 < Yp (ifoggistensile) or o9 < Yo (if 022 is compressive), (2.1)
ITIQ‘ < S.

where:

* 011, 099: ply stresses in the ply coordinate system (11 parallel to fibers, 22 perpendicular to fibers),
* 712 shear stress in the ply plane,

* X7, X¢: tensile and compressive strengths in the fiber direction,

* Y7, Ye: tensile and compressive strengths in the transverse direction,

» S: shear strength in the ply plane.

As long as Equations 2.1 hold, there is no failure. The Maximum Stress Failure Criterion, while quite
straightforward, presents significant drawbacks that reduce its accuracy and applicability in complex
stress scenarios. One such disadvantage is the fact that it does not account for the interaction between
different stress components, such as normal and shear stresses. Ignoring this interaction can lead to
inaccurate predictions of failure, particularly in cases involving multidirectional loading. To solve this
issue, other failure criteria that do take into account this combined effect of different stress components
were developed.

2.2.2. Tsai-Hill Failure Criterion

As discussed, in general, stresses can interact and cause failure, even if each stress component, when
compared individually to its allowable limit, indicates no failure. One of the most significant failure
criteria that account for this interaction is the Tsai-Hill criterion. This criterion calculates a so-called
Failure Index (F.I.), based on the different stress components in a ply and compares this index to unity.
If F.I < 1, no failure occurs. To express it mathematically [21]:

2 2 2
o 0'11 011022 0'22 ’7'12
Fl.=<5-—m +tyst g <! (2.2)

where:

» X: Corresponds to the strength in the fiber direction when only o, acts on a ply.
* Y: Corresponds to the strength in the transverse direction when only o, acts on a ply.

Although the Tsai-Hill criterion does not ignore the interplay among different stress components like
the Maximum Stress criterion, it still doesn’t accurately implement the different strengths composites
have in tension and compression. In order to tackle this issue, further developments in failure criteria
had to be made.

2.2.3. Tsai-Wu Failure Criterion

The Tsai-Wu failure criterion, which is a generalized version of the Tsai-Hill criterion improves upon the
Tsai-Hill criterion by incorporating stress interactions, as well as the ability to account for the different
strengths of composites in tension and compression, providing a more comprehensive approach to
predicting failure. It is expressed as follows [21]:

o? o2 011092 1 1 1 1 72
FIl.=A1 4+ 2 +<—) +<—> + 2 <1 (23
XrXo | YoYe VXaXovive \Xr X )R T\vr vo )77 52 (2:3)

As before, if F.I. becomes equal to (or higher than) 1, failure occurs.
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2.2.4. Hashin Failure Criterion

As can be concluded from the short discussion above, the failure criteria presented so far become
progressively more complex, taking into account more and more parameters and details that improve
accuracy in failure predictions. However, they all still calculate a single Failure Index, which does not
differentiate between the various failure modes in a composite laminate. In essence, they can estimate
if failure occurs, but not what type of failure occurs. The Hashin criterion addresses this limitation by
distinguishing between different failure modes, such as fiber failure (tensile or compressive) and matrix
failure (tensile or compressive). For this reason, this is the selected failure criterion in the context of
this thesis, to evaluate composite failure. In a mathematical form [22], [23]:

Tensile Fiber Failure Mode (if o7 > 0):
U%l 7'122 + 7'123

FIl.=—+4+—=_—=<1 2.4
X2t ey < 4)

Compressive Fiber Failure Mode (if 011 < 0):

011
Fr=-71 o 2
Xo © (2:5)

Tensile Matrix Failure Mode (if 025 + 033 > 0):

2 2 2 2
(022 +033)° | To3 — 022033 | Tin + Ti3

FI = V2 2, 2 <1 (2.6)
Compressive Matrix Failure Mode (if o295 + 033 < 0):
o2\ Yo \? 022 12 \?
rr= () [ (22) e () < 27

2.3. Summary and discussion of relevant research

To fully answer the questions posed in this thesis, it is crucial to build on the foundational knowledge
established by previous studies. The following research works have significantly contributed to under-
standing the impact of the AFP-induced manufacturing defects, and were thus the backbone of this
research. Note that these studies address both tow-to-tow and tow-drop gaps and overlaps. However,
during the literature study phase of this thesis, a greater focus was given on studies covering tow-drop
defects, as these are the primary concern of the present research.

2.3.1. Impact on mechanical strength

The following research studies focus on the effects of AFP-induced manufacturing defects on the me-
chanical (tensile and compressive) strength of composite structures. Some address the issue experi-
mentally through mechanical testing, others through modelling, and some combine both approaches.

Experimental studies
This section presents and discusses studies that evaluate the impact of gaps and overlaps following
an experimental approach.

One of the first studies that tried to examine the impact of defects induced by AFP on the mechani-
cal performance of composite laminates was the one carried out by Croft et al. (2011) [24]. It was an
experimental study, focused on four primary defect types: gap, overlap, half gap/overlap, and twisted
tow. These defects were evaluated under various mechanical tests. Specifically, un-notched speci-
mens were tested in tension, compression and in-plane shear, and notched specimens containing a
central open hole were tested in tension and compression. The defects investigated are tow-to-tow
defects and their width is equal to the width of one tow. The authors do not mention specific material
details, therefore it is unknown what the exact width of the tow is. However, in other studies that will be
analyzed later on, a typical tow width is 1/4” (6.35 mm), so it can be assumed that this is also the case
in this work. For all tests, 16-ply thick specimens were used according to relevant testing standards.
Regarding the results, un-notched panels with pure gaps were noted to have a 2.12% reduction in ten-
sile strength and a negligible 0.81% reduction in compressive strength. On the other hand, un-notched
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panels with pure overlaps showed a very small increase in tensile strength (0.97%), but a much larger
increase in compressive strength, at 7.17%. The un-notched panels are the main point of interest of
this paper in the context of the present thesis, since in the open hole tests performed, the results are
likely dominated by the stress concentration imposed by the presence of the hole, so it is challenging
to deduce any definite conclusion for the impact of the defects alone on mechanical performance. It is
worth noting that the defects were manually inserted during specimen manufacture and were not the
result of a real tow-drop procedure in an AFP machine. For example, to create the gap configurations,
the researchers removed two tows one on top of the other. Therefore, the validity of the findings for
AFP induced defects cannot be assured.

In the same context, the research paper by Falco et al. (2014) [25] investigated the mechanical
performance and defect tolerance of Variable Stiffness composite panels manufactured using the AFP
process, under in-plane tensile loading. The paper’s objective was to quantify the effects of tow-drop
defects and evaluate different manufacturing parameters to mitigate their influence. Three configura-
tions were tested: one with 0% gap coverage (generating triangular fiber gaps), one with 100% gap
coverage (allowing small overlaps), and one with 0% gap coverage but with ply staggering to avoid
co-located gaps through the laminate thickness.

As in [24], specimens for un-notched tensile (UNT) and open-hole tensile (OHT) tests were de-
signed, manufactured and tested. The specimens were designed to represent the ply discontinuities
at the edges of adjacent courses in Variable Stiffness Panel (VSP) configurations. Each specimen rep-
resents a sub-domain of a larger panel, with the maximum tow-angle mismatch determined by panel
dimensions, course width, and fiber angles. The study considered a worst-case scenario with a tow-
angle mismatch of 12 degrees, which is a reasonable approximation given practical constraints. The
test specimens consisted of straight-fiber layers, simulating the small dimensions of actual curved tra-
jectories in a real VSP. To replicate the tow-angle discontinuities, some layers had fiber orientations of
51 degrees and 39 degrees, creating a discontinuity at the specimen’s mid-length (Figure 2.4). These
plies were balanced with layers oriented at +45 degrees to maintain structural integrity. The defects
are triangular, with a width of 6.35 mm (one tow width) and a length of 29.9 mm.

Digital Image Correlation (DIC) was used to analyze the strain fields and observe the influence
of defects, particularly in damage-prone zones, prior to structural failure. High-resolution photogra-
phy further aided in understanding the failure mechanisms. Regarding the results, in general the 0%
coverage (only gaps, no staggering) resulted in strength reductions of 22% in the un-notched speci-
mens. In addition, specimens containing only overlaps also seem to reduce the tensile strength in the
un-notched specimens by up to 9%. This comes in contrast with the results in [24], where overlaps
showed a marginal tensile strength increase, but it is questionable to what extent these two studies can
be compared, as there are key differences in the defects geometry and introduction.

Another key aspect of this study is that the defects in the tested specimens extended to the spec-
imen edges, making them subject to the so-called "free-edge effects”. These are the effects of free
edges in composite laminates with varying ply orientations, and are a result of the discontinuity in me-
chanical constraints at the free edge, leading to complex stress states, including interlaminar normal
and shear stresses [26]. These complex stress states near the free edges can significantly influence
the mechanical behavior of the laminate, particularly under tensile or shear loading conditions. The
stress concentrations at the edges often act as initiation sites for damage mechanisms such as delami-
nation, matrix cracking, or fiber-matrix debonding, which can propagate and compromise the structural
integrity of the laminate. Indeed, in the un-notched specimens of this study, delaminations that were
uniformly distributed along the specimen edges were observed. These delaminations are thought to
have a major impact on the final failure of the specimens. Therefore, it cannot be concluded with
absolute certainty whether the strength knockdown that was observed was mainly due to the defects
themselves, or due to the free-edge effects.
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Figure 2.4: The design of specimens used in Falco et al. (2014) [25]

Nguyen et al. (2019) [27] also dealt with the effect of manufacturing defects induced by AFP on
the mechanical properties of composite structures from an experimental point of view. In this study,
specimens with controlled gap and overlap defects of varying widths (from 1/32” or about 0.8 mm to 1/2”
or 12.7 mm) were manufactured and tested. The pre-test microscopy quantified changes in geometry
due to compaction, namely reduced gap size and increased overlap length due to consolidation and
autoclave pressure, gap filling with resin (resin-rich pocket) and bent plies (fiber undulation) - Figure 2.7.
Results showed that gaps significantly reduced mechanical properties. The detailed failure analysis
using digital image correlation (DIC) and microscopy revealed that gaps primarily initiated failure modes
that propagated rapidly, while overlaps tended to distribute stress more evenly, delaying the onset of
failure.

All specimens containing defects featured 16 plies, with 8 of them (only the 0° and 90° ones) con-
taining defects. The way the gaps were introduced was by using two cut lines within the desired ply
parallel to the fiber orientation. Then, after aligning and attaching the ply to its adjacent plies, these cut
lines were removed, therefore leaving a gap between tows (Figure 2.6). It is important to note that this
method of manually introducing gaps into the specimens has limitations in accuracy and realism.

Additionally, two distinct categories of specimens were established: those with defects only in the
90° plies (designated as "minus” (-) specimens) and those with defects in both the 0° and 90° plies
(designated as "plus” (+) specimens). This is important, as the orientation of the defects plays an
important role in strength knockdown, as demonstrated by the results.

Specifically, the (-) specimens exhibited a strength reduction of up to 26%, while the (+) specimens
experienced a significantly greater strength reduction of approximately 55%. This difference can be
attributed to the fact that the 0° plies are responsible for carrying the majority of the load and thus, gaps
(or to put it simply, loss of material) in the 0° plies result in a substantial loss of strength. Tensile strength
reduction is also directly related to gap size (as also demonstrated by Blom et al. (2009) [28] which will
be discussed later); the maximum reduction is observed for a 1/2” wide gap (the largest gap size exam-
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ined) in the (-) configuration (26%), while smaller gaps (1/32”) still caused a noticeable 10% reduction
in the same configuration. The tensile strength reduction in this case can be well approximated by a
linear fit (Figure 2.5).
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Figure 2.5: Tensile strength reduction for different gap sizes [27]

As for the compressive strength, the maximum strength knockdown due to gaps was observed to
be again close to 55% for the (+) configuration. These results suggest that the presence of gaps in
plies with different orientations significantly worsens strength reduction. On the other hand, in the same
research, overlap specimens showed a different trend. Overlaps in the (+) configuration and up to 1/2”
in size, resulted in a 20% improvement in tensile strength. The view in compressive strength is more
complicated, with the (-) specimens dropping the strength by as much as 20%, but the (+) specimens
increasing it by around 10%. This further highlights that the impact of overlaps is more complex than
that of gaps and is influenced by multiple factors.

All comparisons were made against baseline panels containing no gaps or overlaps. However, the
validity of these comparisons for the tensile properties can be challenged, since as stated in [27]: For
each layup method, two benchmark panels without controlled defects were manufactured: An 8-ply
laminate for benchmark tensile tests and a 16-ply laminate for benchmark compressive tests. All the
defect panels were made of 16 plies. (Nguyen et al. (2019) [27], p.3). It is reasonable to assume that
a panel with double thickness is expected to exhibit a higher maximum tensile load than the baseline.
However, defects in these panels reduce their failure load, making it unclear how much of the reduction
is solely due to the gaps. For a more accurate comparison, both types of panels should have the same
laminate thickness.



2.3. Summary and discussion of relevant research

12

2,

4

nominal gap size 6; y
»He ’

|

N\, —45]

/" 45°

gap panel

90°

/"

5G,N

defects introduced

b

[45/0/~45/90].,

.,

Figure 2.6: Schematic of gaps and overlaps formation during panel manufacturing [27]

wider gaps:

smaller gaps:

- 90° ply

\

\
/ matrix pocket \
full attachment

tapered end

overlap:

reduction in thickness

] =
5y ©
¢ 6{.i

pressure

—————

] 1 geometry before curing

I:I geometry after curing

Figure 2.7: Consolidation effects on gaps and overlaps [27]

Numerical studies

The following section presents studies that primarily use Finite Element Method simulations to assess
the effects of AFP-induced manufacturing defects.

One study that really stands out and can be considered one of the most influential works in this field,
is the one conducted by Blom et al. (2009) [28], who investigated the influence of tow-drop areas on the
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strength of Variable Stiffness Laminates (VSL) using Finite Element (FE) simulations. The study aimed
to understand how the resin-rich, fiberless areas that result from cutting tows at course boundaries
during AFP, affect laminate performance.

In Blom et al. (2009) [28], virtual tests were carried out, simulating a compressive testing on a 300
x 300 mm composite panel. Fiber steering was used in the construction of the panel, with each ply
in the panel having a specific fiber orientation, which follows a path defined by a reference angle (¢)
with fibers curving outward based on a constant curvature (Figure 2.8). At the edges of the panel, the
reference angle reaches its minimum value, T, and maximum value, T}, respectively. A schematic of
the (reduced) plate model that was used is presented in Figure 2.9, with the characteristic triangular-
shaped gaps due to tow-dropping being clearly marked.

T

q Plate Boundary

psinT,

Figure 2.8: Course centerline geometry [28]

Displacement

20 2 A A

Figure 2.9: Reduced plate model (symmetric) in Blom et al. (2009) [28], with relevant boundary conditions. The
triangular-shaped tow-drop gaps are visible.
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The FE analyses were conducted using ABAQUS software and the LaRC03 and LaRCO04 failure
criteria for progressive failure analysis were implemented. These criteria focus on accurately identify-
ing the initiation of damage under complex stress states by considering both matrix and fiber failure
modes. More specifically, the LaRCO04 failure criterion, which is basically a more detailed and improved
version of LaRCO03, distinguishes between fiber and matrix failure mechanisms, recognizing that the
two materials have different responses to loading. Each failure mechanism can be further divided into
longitudinal and transverse modes, resulting in the following four distinct failure modes:

* Longitudinal tensile fracture

This criterion is based on a maximum allowable strain in the fiber direction, assuming no interac-
tion with other stresses. Failure occurs if the strain along the fiber direction exceeds a threshold
based on the longitudinal tensile strength.

Longitudinal compressive fracture

This mode, often seen as fiber kinking, involves compression-induced failure in fibers misaligned
due to initial imperfections. The criterion depends on a combination of shear and longitudinal
compression, influenced by the material’s longitudinal friction coefficient and fiber misalignment
angle.

Transverse fracture perpendicular to the laminate mid-plane (ag = 0°)

This matrix-dominated failure mode is triggered by in-plane shear and transverse tensile stresses
or in-plane shear combined with slight transverse compression.

Transverse fracture with og = 53°

Under high transverse compressive stresses, the matrix can fail along an oblique plane (around
53° to the mid-plane), something that is taken into account in this failure mode.

The four failure modes of the LaRCO04 failure criterion can be visualized in Figure 2.10. The mathe-
matical formulations regarding the LaRC03 and LaRCO04 failure criteria involve a number of parameters
and theoretical notions that would take too long to analyze in the present thesis. For further information,
the reader is advised to read the work of Blom et al. (2009) [28], or even the relevant papers that first
proposed these criteria ([29], [30]), where all the details are discussed.

a-

M4 -

(a) Longitudinal tensile fracture

LS

.

(c) Transverse fracture with o= 0° (d) Transverse fracture with o= 53°

Figure 2.10: Failure modes predicted in the LaRC04 failure criterion [28]

The results in the study of Blom et al. (2009) [28] showed that wider tows reduced the laminate
compressive strength (due to larger tow-drop areas and thus larger gaps) and failure predominantly
occurred at tow-drop locations in both surface and underlying plies. More specifically, the strength
reduction varies from 3-15% for the smallest tow width, 5-24% for intermediate tow width, and 15-
29% for the largest tow width. Note that a larger tow width corresponds to a larger gap, allowing
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for a correlation between gap size and compressive strength reduction to be drawn from this study’s
results. Generally, a larger gap results in a greater compressive strength reduction. For reference, the
maximum gap area observed was 12% of the ply area, found in the panel with the largest tow width,
which showed the greatest compressive strength reduction of 29%.

Based on the above, a reasonable question might be: How could a small tow width (meaning a
small gap) have a strength reduction of 10% (within the 3-15% range), while an intermediate tow width
(meaning a larger gap than previously) could have a lower strength reduction of 5% (within the 5-24%
range), given that strength reduction generally increases with gap size? The answer here lies in the
fact that other parameters also play a role in the compressive strength knockdown. The strength re-
duction ranges reflect more than just gap size, as other factors like fiber orientation and staggering
significantly influence the results. Higher ¢ values introduce more matrix-dominated failures, as the
matrix must bear greater transverse stress, while lower ¢ values (fibers more aligned with the load)
lead to fiber-dominated failures like kinking in compression. Therefore, a small tow width (small gap)
with a high fiber orientation angle (¢) and no staggering could lead to a higher strength reduction, as
this combination increases matrix damage and stress concentrations. Conversely, an intermediate tow
width (intermediate gap) with a favorable fiber angle and staggered gaps might yield a lower strength
reduction because the staggering helps distribute stresses and reduces the impact of the larger gaps.
Thus, while gap size generally correlates with strength reduction, fiber orientation and staggering can
also impact the exact knockdown range. A more detailed discussion on the effect of staggering follows
later in this chapter.

Li et al. (2015) [16] also investigated the impact of manufacturing defects in AFP processes on
the mechanical strength of composite laminates. Their research was based on Finite Element Mod-
elling (FEM) and it concerned tow-to-tow gaps and overlaps. They developed 3D meshing tools to
model ply-by-ply structures incorporating intra-ply and inter-ply cohesive elements. The former ele-
ments were placed parallel to the fiber orientation, at the interfaces between different areas and were
used to account for potential splitting, while the latter ones were inserted between all plies to account
for potential delamination. The authors explicitly simulated out-of-plane waviness and ply thickness
variations caused by the defects (Figure 2.11), something that had not been done for example in [28].
The defects measured 30 mm in length in 90 degree plies (matching the specimen’s width), or around
21 mm in +/- 45° plies (again running through the whole specimen). However, the defect widths varied
between 1, 2, 3, and 4 mm. Findings reveal that gaps and overlaps cause larger strength reductions
in compression than in tension, with defects in 45° or -45° plies having a more pronounced effect than
those in 90° plies. In 45° and -45° plies, gaps induce greater strength reductions than overlaps, while in
90° plies, overlaps lead to larger reductions, a counterintuitive observation requiring further validation.
To provide some relevant values regarding strength knockdowns, it was found that gaps in +/- 45° plies
reduce the tensile strength by 14% and the compressive strength by 30%. Similar knockdowns were
observed for overlaps as well, this time however with the maximum strength reductions being observed
for overlaps in the 90° plies (-15 % in tension and -24 % in compression). Experimental validation aligns
well with FEM results, with a maximum difference of 2.95% between tests and theoretical models.

Continuing the quest for evaluating the impact of tow-drop defects in mechanical strength, in their
2017 study, Falco et al. [31] developed a virtual testing methodology for analyzing these defects, essen-
tially validating numerically their previous research in 2014 ([25]). The defect size and geometry was the
same as discussed previously: triangular-shaped defects with a base width of 6.35 mm and a length of
29.9 mm. Using three-dimensional numerical models that incorporated different constitutive behaviours
for fibre-reinforced materials, resin-rich zones, and ply interfaces, the researchers performed simula-
tions on un-notched and open-hole coupons. Their findings indicated that tow-drop defects created
significant stress concentrations, initiating damage such as matrix cracks, fiber breakage, and delam-
inations, which matched experimental observations at a great extent. In notched specimens, stress
concentrations and crack initiation were influenced by tow-drop defects around the hole edges, with
predicted damage mechanisms and failure loads aligning closely with experimental results (maximum
failure load percentage difference between experiments and simulations was 8.1%). They concluded
that tow-drop defects, particularly gaps and mismatches at adjacent course boundaries, acted as stress
concentrators, reducing mechanical strength by promoting matrix cracking and fiber breakage. The
virtual testing approach effectively simulated these effects, offering realistic predictions of damage ini-
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Figure 2.11: Translation of cured geometry into FEM [16]

tiation and progression. The results of simulations showed that in the un-notched configuration, gaps
reduce the strength by 12.5%, while in the open-hole coupons, the impact of gaps seems to be lower
(reduction of 9.1%), probably due to the higher impact of the open hole. However, the analysis of the
impact of tow-drops on laminate behavior has certain limitations, as narrower specimens (such as the
ones analyzed in this research) exhibit free edge effects that are not present in real laminates. These
effects influence damage mechanisms, particularly delamination, making it challenging to completely
isolate the influence of the defects. Therefore, again as previously mentioned, free-edge effects should
be avoided to obtain a more accurate result regarding the impact of gaps and overlaps on the failure
mechanisms of the laminate.

Studies with both experimental and numerical approaches

Apart from the studies discussed above, which only take one (experimental) or the other (numerical)
route, there have been a few studies that combine both of these two methods and will be presented in
the following section.

First of all, a research that investigated the impact of gaps and overlaps on the mechanical perfor-
mance of composite laminates performing both experiments and simulations was the one by Woigk
et al. (2018) [32]. The study focused on understanding how these defects affect the tensile and com-
pressive strengths of the composites. The defect width was 2 mm, equal to one-third of the total tow
width of 6 mm, and all defects ran through the whole specimen. This defect size is similar to the one
investigated in Li et al. (2015) [16]. Four defect configurations were developed: "Gaps” (containing
only stacked gaps), "Overlaps” (containing only stacked overlaps), "Staggered Gaps” (containing only
staggered gaps with a stagger distance of 2 mm), and "Gaps & Overlaps” (containing a combination of
staggered gaps and overlaps).

These four configurations were subjected to tensile and compressive tests to evaluate their effects.
The "Gaps & Overlaps” specimens were the ones that exhibited more expected strength reductions,
with 7.4% in tension and 14.7% in compression. However, since these specimens contain both gaps
and overlaps, isolating the impact of each defect type is challenging. Thus, it is better to more closely
examine the results for the "Gaps” and "Overlaps” specimens.
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Specimens containing only gaps presented a mixed view on the impact of these defects, as their
strength was reduced under tension (although the percentage is a mere 1.3%), but increased under
compression (by as much as 7.6% for unstaggered configurations). This is the first instance in the
literature reviewed for this thesis where gaps have shown a positive effect on strength. The authors
do not provide a clear explanation on that matter, and the fact that all other studies report the opposite
conclusion for the impact of gaps on the compressive strength poses some serious doubts on the
validity of this observation.

On the other hand, this time a positive influence of pure overlaps was observed: strength was in-
creased by 3% in tension and 9.5% in compression. The observed failure behaviours were consistent
with the level of ply waviness caused by the defects (Figure 2.12), suggesting that ply waviness is a
key factor driving the reductions in material strength and reinforcing the idea that it should be included
in FEM analyses to have an accurate comparison with experimental results.

Overlaps Staggered Gaps
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Figure 2.12: Microscopy images of specimens with visual ply waviness due to defects. Gaps are marked with black (resin-rich
areas) and overlaps are marked with blue/yellow [32]

Apart from their 2019 research [27] which featured only experimental methods, Nguyen et al. (2021)
[33] carried out one more study of interest about the effects of AFP-induced defects on the mechanical
strength of composite laminates, this time implementing numerical approaches as well. They analyzed
the same specimens as in their previous work [27]; quasi-isotropic laminates with controlled gap and
overlap defects embedded within the 0° and/or 90° plies. The defects varied in size from 1/16” to
1/2”. Experimental observations highlighted the progressive nature of failure mechanisms, including
transverse cracks and intra-laminar splitting. Finite element models, created using Abaqus CAE with
a Python script, incorporated a multiscale continuum progressive damage and failure model (MCDM)
to predict the mechanical response accurately. The approach of translating the cured geometry of the
laminate (with obvious fiber waviness) into FEM seems very interesting and promising (Figure 2.13).
The FEM results showed relatively good agreement with experimental data for the most cases, captur-
ing the stress concentrations and failure modes induced by the defects. The only cases with slightly
larger deviations between FEM and experimental results were the 1/2” gaps and 1/8” overlaps, at 13%
and 11% respectively. This means that the authors’ FE model still has some limitations and indicates
the high difficulty of accurately predicting such complicated phenomena. Specifically, this deviation
could be attributed to the FEM model’s inability to fully account for the out-of-plane fiber waviness and
its impact on stress redistribution and failure mechanisms.
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Figure 2.13: Translation of cured geometry into FEM from microscopy imaging [33]

Discussion

To summarize the above, research on the impact of AFP-induced defects, such as gaps and overlaps
(either tow-to-tow ones or tow-drop ones), highlights significant effects on the tensile and compressive
strength of composite laminates. Gaps were consistently found to weaken tensile strength across mul-
tiple studies due to the inherent discontinuities they introduce in the load-bearing paths of composite
laminates. The resin-rich, fiberless regions created by gaps disrupt the continuity of fiber paths and
reduce the effective load-carrying capacity of the laminate under tensile loading. The primary question
concerns the extent to which gaps affect strength, specifically in terms of the percentage reduction in
strength. As discussed in the above paragraphs, different values for strength knockdown were esti-
mated by different researchers. For instance, Croft et al. (2011) [24] noted a 2.12% tensile strength
reduction in panels with pure gaps, which aligns closely with findings from Woigk et al. (2018) [32],
where gaps led to a reduction of 1.3% in tensile strength. However, other authors reported larger val-
ues for tensile strength reduction. Falco et al. (2014) [25] observed a higher tensile strength reduction
of 22% in un-notched specimens with gaps, and Li et al. (2015) [16] noted a 14% reduction in spec-
imens with gaps in +45° plies. A later numerical validation study of their previous work, led Falco et
al. (2017) [31] to estimate a 12.5% tensile strength knockdown, while Nguyen et al. (2019) observed
that additional gaps in 0° plies (apart from gaps inserted in 90° plies) — critical for axial load-bearing
— resulted in even higher tensile strength reductions, up to 55%.

With respect to compressive strength, the impact of gaps seems to be negative, as supported by
most studies with strength reductions up to 0.81% (Croft et al. (2011) [24] - negligible compared to
the rest), 30% (Li et al. (2015) [16]) and even 55% (Nguyen et al. (2019) [27]). However, Woigk et
al. (2018) [32] reported a compressive strength increase of 7.6% due to pure gaps. However, since
they do not offer an explanation for this result, this study can be considered an outlier. Hence, it can
generally be said that even in compression, gaps have a detrimental effect on strength of composite
structures.

Overlaps, however, have a more complex influence; some studies, like Croft et al. (2011) [24]
and Woigk et al. (2018) [32], noted that overlaps could even improve tensile strength under certain
conditions (by around 1% and 3% respectively). Nguyen et al. (2019) [27] estimated an even larger
increase in tensile strength (20%). On the contrary, Falco et al. (2014) showed that overlaps deteriorate
strength in tension (9% reduction), an argument that is strengthened by Li et al. (2015) [34], who
reported a 15% decrease. The effects of overlaps on compressive strength are equally ambiguous.
Croft et al. (2011) [24] and Woigk et al. (2018) [32] observed improvements of 7.17% and 9.5% in
compressive strength due to overlaps. In contrast, Li et al. (2015) [16] and Nguyen et al. (2019) [27]
reported maximum decreases of 24% and 20%, respectively. Notably, Nguyen et al. also documented
a compressive strength increase of approximately 10% due to overlaps (in a specimen with different
overlap configuration), highlighting the inconsistency of overlap effects even within a single study.

The values discussed above about mechanical strength degradations or improvements are pre-
sented in Table 2.1. Note that these values concern un-notched specimens with stacked (not stag-
gered) defects. Wherever there is no value (denoted by (-)) means that this specific test or defect was
not examined.

Thus, the two main conclusions based on the literature review on the impact of manufacturing
defects on the tensile and compressive strength of composite structures are:

1. Gaps in general deteriorate the tensile and compressive strength.
2. It is unclear what the actual impact of overlaps on the mechanical strength is.
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Max. Tensile Strength Difference % | Max. Compressive Strength Difference %
Study Gaps Overlaps Gaps Overlaps
Blom et al. (2009) [28] - - -29 \ -
Croft et al. (2011) [24] -2.12 +0.97 -0.81 +7.17
Falcd et al. (2014) [25] -22 -9 \ - \ -
Li et al. (2015) [16] -14 -15 -30 -24
Falco et al. (2017) [31] -12.5 - \ - \ -
Woigk et al. (2018) [32] -1.3 +3 +7.6 +9.5
Nguyen et al. (2019) [27] -55 +20 -55 -20

Table 2.1: Comparison of results from different studies about gaps and overlaps effect on tensile and compressive strength

However, even though a general conclusion about the negative impact of gaps has been drawn,
comparing exact strength knockdown values across these studies is challenging due to varied experi-
mental setups, including differences in defect size, distribution, and configuration within the laminates.
For example, Blom et al. (2009) [28] focused on tow-drop gaps in panels produced by AFP, while Croft
et al. (2011) [24] manually inserted defects, limiting the real-life replication of AFP-induced defects.
Falco et al. (2014) [25] explored ply staggering and gap coverage configurations, further differentiating
their results from other studies. Additionally, Nguyen’s (2019) [27] baseline comparisons are compli-
cated by thickness variations, while Woigk et al. (2018) [32] examined both stacked and staggered
configurations with unique stress distributions due to ply waviness. Therefore, although trends like
strength reductions due to gaps are clear, accurately quantifying knockdown values across studies is
limited. Standardized defect sizes and configurations, as well as ply orientations would be essential for
reliable cross-study comparisons.

Apart from the strength knockdown caused by manufacturing defects during AFP, it is also important
to compare the failure modes reported in the aforementioned studies. More specifically, Blom et al.
(2009) [28] predicted fiber kinking (less relevant in the context of this thesis as it is a compression-
driven failure mode) and matrix cracking triggered by transverse and shear stresses. Croft et al. (2011)
[24] identified matrix cracking and delaminations, which were also predominantly noted by Falcé et
al. [25] [31], along with fiber pull-out and fiber fracture. Comparable failure modes were documented
to varying degrees in the studies by Li et al. (2015) [16], Woigk et al. (2018) [32], and Nguyen et al.
(2019) [27]. This indicates that the primary failure modes likely to occur in the specimens analyzed in
this thesis are matrix cracking, delaminations, and fiber fracture.

2.3.2. Impact on in-plane stiffness and buckling load
Apart from the scientific works presented in section 2.3.1, other studies shifted their focus to the impact
of AFP-induced manufacturing defects on additional structural properties, namely the in-plane stiffness
and the buckling load of composite structures. More specifically, in-plane stiffness is the ability of
a (composite) material to withstand deformation when experiencing loads that act within its plane. In
terms of AFP-produced composites, the manufacturing defects that are induced can significantly impact
the in-plane stiffness, as the fiber undulation that occurs due to gaps and overlaps can change the
distribution and orientation of fibers, leading to localized changes in stiffness. Such changes may
result in an overall change (either positive or negative) in load-bearing efficiency, making it essential
to estimate as accurately as possible the impact of the manufacturing defects on the in-plane stiffness.
Additionally, in general the buckling load represents the critical (compressive) force at which a structural
component, particularly one with a slender or thin geometry (such as a beam or a thin plate), undergoes
sudden and catastrophic deformation. Regarding composites, it can be said that maintaining a high
buckling load capacity is crucial, since there are a lot of applications (especially in aerospace), where
lightweight materials are required to withstand compressive loads. AFP-induced defects can reduce
buckling load capacity by introducing weak spots or stress concentrations that serve as initiation points
for buckling under lower-than-expected loads, therefore their effect on the buckling load of structures
should also not be overlooked.

As before, the studies can be categorized into numerical, experimental, or combined approaches.
The following section discusses four studies that used one or both of these methods.

Fayazbakhsh et al. (2013) [35] presented a numerical study, where they introduced a novel "defect
layer” method to precisely capture the geometry and location of manufacturing defects, also helping
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to reduce computational burdens in finite element analyses (FEA) of such phenomena. Specifically,
the defect layer method modifies the finite element model by treating laminate layers with defects,
such as gaps or overlaps, as distinct "defect layers” with adjusted properties. For gap-modified defect
layers, the elastic properties (e.g., stiffness and shear modulus) are reduced in proportion to the gap
area percentage, while the thickness remains unchanged. In contrast, overlap-modified defect layers
maintain the elastic properties of regular composite materials but have increased thickness proportional
to the overlap area percentage. The defect area percentage for each element layer is determined using
MATLAB subroutines, which account for the geometry and distribution of defects. These adjustments
are integrated into FE models through parameterized inputs, allowing for precise and efficient analyses
without the need for excessively fine meshes to capture the defect geometry explicitly, thus cutting
down on computational time significantly.

The research focused on two laminate designs optimized for in-plane stiffness and buckling load,
using a surrogate-based optimization algorithm. These two designs were chosen in the following man-
ner: Design (A), which provides the highest achievable buckling load, was selected to evaluate the
actual improvement in buckling performance when accounting for the influence of gaps or overlaps.
Design (B), which demonstrates a higher buckling load while maintaining the same in-plane stiffness
as the baseline, was chosen to assess the effect of gaps or overlaps on both design objectives. Re-
sults indicated that gaps significantly reduced both in-plane stiffness and buckling load, with a 15.1%
reduction in stiffness and a 12.4% reduction in buckling load for Design (A). Conversely, overlaps were
found to improve these properties, enhancing stiffness by 9.6% and buckling load by 29.9% in the same
design. Regarding Design (B), the behaviour is similar, with a decrease of 14% in stiffness and 12.2%
in buckling load in the gap configuration, and a respective increase of 11% and 30.5% in the overlap
configuration. Note that both the baseline and the defect specimens have the same thickness, and the
defect percentage area is almost identical for both Designs (A) and (B), so the comparison with the
same baseline can be considered valid.

Another group of scientists that studied the impact of tow-drop defects from AFP on the stiffness and
buckling behaviour of variable stiffness laminates (VSL) using simulation methods was that of Mishra
et al. (2019) [36]. A novel smearing method was proposed to estimate the influence of these defects
with reduced computational cost compared to existing methods (such as the "defect layer” method pre-
sented by Fayazbakhsh et al. (2013) [35]). The research involved parameterizing the defect geometry
based on design and manufacturing parameters, then using a homogenization approach to develop
correlations between defect geometry and ply properties. The findings showed that the method pro-
vided conservative estimates for stiffness within 5% accuracy but unconservative results for buckling
load. The study demonstrated that the proposed method is 45 times less computationally intensive
than previous methods. Concerning the impact of gaps, an almost negligible reduction in stiffness was
estimated (around 1%), while the decrease in buckling load was found to be higher (up to 8.3%).

While the previous studies achieved accurate numerical results, experimental work remains a valu-
able alternative for drawing conclusions. This is an approach that Arian Nik et al. (2014) [37] followed,
by conducting an optimization study on AFP-manufactured variable stiffness composites containing
tow-drop defects, in order to understand how these manufacturing-induced defects influence the two
aforementioned properties. The study involved a multi-objective optimization approach to simultane-
ously maximize these properties. The AFP machine that was used had the capability of laying down
multiple tows simultaneously, with each tow being able to be cut and restarted independently of the
others. Therefore, in the context of this study, a course is composed of multiple tows, laid parallel to
each other with one continuous movement of the AFP machine. It was found that increasing the num-
ber of tows within a course, while keeping the tow width constant (thus increasing the course width),
reduced the defect areas (Figure 2.14 left), something that was also discussed in [28]. Conversely,
increasing the tow width while keeping the course width constant (thus decreasing the number of tows)
decreased the total defect area (Figure 2.14 right) but increased deviations from the designed fiber
path and reduced the number of manufacturable designs. The results indicated that a complete gap
strategy lowered the in-plane stiffness and buckling load by up to 14.5% and 12% respectively, while
a complete overlap strategy enhanced only the buckling load by as much as 19%.
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Figure 2.14: Left: Effect of number of tows on the gap area percentage (tow width constant at 3.125 mm (1/8 ”)). Right: Effect
of tow width on the gap area percentage (course width constant at 101.6 mm (4”). Five different laminate layups were
examined [37].

Marouene et al. (2016) [38] also examined the impact of tow-drop gaps and overlaps on the buckling
behaviour of optimally designed variable-stiffness composite laminates, this time through both experi-
mental and numerical studies. In the experimental phase, panels with constant-curvature fiber paths
were manufactured using two strategies: complete overlaps and complete gaps. These panels were
tested under uniaxial compression until failure. The aim was to evaluate how each type of defect affects
the panels’ in-plane stiffness and buckling load. The numerical analysis involved a two-dimensional fi-
nite element model built in Abaqus and supplemented with a MATLAB routine to localize gaps and
overlaps. Linear and nonlinear buckling analyses were conducted to predict pre-buckling strength and
critical buckling loads. The results showed a good correlation between experimental and numerical
findings. The study did not conclusively demonstrate a purely negative impact of gaps. For panels
with gaps, in terms of effective axial stiffness (or pre-buckling in-plane stiffness), there was a reduction
that was limited to 2.6%. However, the same panels showed an increase in buckling load by up to 7%.
In contrast, panels with complete overlaps exhibited significantly enhanced performance in both cate-
gories, with increases of 40% in axial stiffness and 80% in buckling load. Note that the additional panel
mass due to the increased thickness induced by the overlaps was not taken into account, therefore the
positive effect of overlaps might be overestimated.

The general trend observed across these studies is that AFP-induced gaps usually result in a re-
duction in both in-plane stiffness and buckling load, with a notable exception found in [38]. On the other
hand, overlaps seem to enhance both these properties. Regarding overlaps, the general trend in their
impact can be attributed to the increased local fiber density. Overlaps add material where fiber tows
stack, enhancing load-bearing capacity in those areas. This additional material improves stiffness by
increasing the effective cross-sectional area for in-plane loads and raises the buckling load by strength-
ening resistance to compressive instability. In cases like those reported by [35] and [37], the significant
improvements in stiffness and buckling load in overlap configurations likely reflect these local material
reinforcements.

Gaps, conversely, reduce stiffness and buckling load because they create localized regions with
reduced fiber content, diminishing the material’s ability to carry loads effectively. This results in lower
stiffness and can initiate stress concentrations, which make the laminate more susceptible to early
buckling under compressive loads, as observed by [35] and [37]. However, the unexpected finding
from [38], where gaps had a minor impact on stiffness but improved buckling load, may be due to
redistribution effects; localized gaps could create small stiffness variations that change load paths,
occasionally increasing overall buckling capacity. This indicates that the impact of gaps on buckling
load could depend on specific defect distributions and load configurations.

The results regarding the impact of AFP-induced defects on in-plane stiffness and buckling load are
presented in Table 2.2. As previously, these are results about un-notched panels with non-staggered
defects. Again, empty cells on the table mean that the relevant test or defect was not investigated.

Apart from the scientific papers listed and discussed above, a significant influence for the path that
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Max. In-plane Stiffness Difference % | Max. Buckling Load Difference %
Study Gaps Overlaps Gaps Overlaps
Fayazbakhsh et al. (2013)
-15.1 +11 -12.4 +30.5
[35]
Arian Nik et al. (2014) [37] -14.5 - -12 +19
Marouene et al. (2016) [38] -2.6 +40 +7 +80
Mishra et al. (2019) [36] -1 - -8.3 \ -

Table 2.2: Comparison of results from different studies about gaps and overlaps effect on in-plane stiffness and buckling load

this thesis took was the Master’s Thesis by Laszlé Czél (2024) [39]. This thesis focused on the en-
hanced characterization of tow-to-tow gaps in fiber steered laminates produced by Automated Fiber
Placement (AFP) methods. The research involved both numerical and experimental considerations,
with element-level specimens containing tow-to-tow gaps being tensile tested. The study hypothe-
sized that gaps negatively affect off-axis tows (meaning tows that have an orientation different than 0
degrees), leading to strength reductions and localized matrix failures.

As in the present thesis, specimen design was also a key part of Czél's work, involving an iterative
process using FEM to simplify geometries and focus on key aspects of the defects. The specimen
was designed for tensile testing and featured 8 plies in total (called backing plies) with layup: [0/-
15/+15/0/0/+15/-15/0]. Two additional (external) plies were laid down on the front and the back of the
specimen, oriented at +45° and -45° respectively. These plies only covered a portion of the whole
specimen surface (the so-called gauge area) and were composed of unidirectional tows with gaps in
between them. The gap size was set to be 3 mm. The specimen design is presented in Figure 2.15
below. Initial FEM results showed that the external plies (containing gaps) exhibited matrix failure at
locations where gaps exist in the opposite ply, resembling a grid (Figure 2.16).

Front side
tows in +45°

Tabbing plates —

Additional
homogenizing
tows

Backside tows
in -45°

Rectangular
gauge section

Narrower
specimen

Figure 2.15: Specimen design in Czél (2024) [39]
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Figure 2.16: Matrix failure of front ply containing tow-to-tow gaps. Failure is observed at backside gap locations [39]

Except for the simulation process, manufacturing and tensile experiments of the specimen were
carried out. The manufacturing process combined hand lamination and AFP. The experimental results
revealed several key findings about the effects of tow-to-tow gaps in composite laminates. Digital Im-
age Correlation (DIC) demonstrated that gaps caused localized strain concentration, with deformation
peaks forming either at the gaps themselves or in regions bounded by gaps, something that in general
agrees with the rest of the literature discussed so far. Microscopical analysis highlighted void forma-
tion and confirmed ply deformation (waviness) near the gaps. While matrix cracking and microcracks
were observed in the specimens, they did not consistently align with the anticipated failure locations
predicted by simulations. As can be observed in Figure 2.17, the peaks in shear strains that are visible
in the FE model’s front tows (left), and which are located in gap areas of the back tows, are absent
in the tested specimen (right). This is most probably due to the absence of fiber waviness in the FE
models. However, the results confirmed that gaps influence laminate behaviour by introducing local
stress concentrations, which can weaken the structure.

Figure 2.17: Comparison of shear strains between FEM and experiment [39]



2.3. Summary and discussion of relevant research 24

2.3.3. Other relevant considerations

In addition to their effects on mechanical strength, in-plane stiffness, and buckling load of composite
structures, the literature review also highlighted some other important aspects of the behaviour of AFP-
induced manufacturing defects.

Staggering

First and foremost, in some of the aforementioned studies, the impact of staggering was also inves-
tigated. As mentioned before, staggering refers to the intentional offsetting of plies with the same
orientation relative to each other. This method is used to prevent the alignment of gaps and overlaps
across adjacent plies in the same plane, and as will be discussed in the next paragraphs, it can mitigate
the negative impact of these manufacturing defects up to a certain extent.

Figure 2.18: Non-staggered (left) and staggered (right) gap distribution [16]

More specifically, an important conclusion from the study of Blom et al. (2009) [28] was that stag-
gering the plies positively influenced strength by inducing a better stress distribution and thus delaying
final failure. In 2014, Falco et al. [25] also investigated specimens with staggered gaps, finding out
that applying staggering reduced the negative impact of the gaps, with un-notched specimens show-
ing a strength decrease of 9% (while the respective specimens with non-staggered gaps reduced the
strength by 22% - Table 2.1). The results also indicated that the configuration with 0% gap coverage
(thus full overlaps in the context of this study) and ply staggering effectively minimized the impact of
defects, improving load transfer, delaying damage propagation compared to other configurations and
proving the beneficial properties of staggering. Moreover, Li et al (2015) [16] concluded as well that
defects without staggering cause more significant strength reductions than staggered defects, although
the authors did not provide relevant values for the difference. Last but not least, Woigk et al. (2018)
[32] proved that their "Staggered Gaps” configuration (see above for definitions in this study) resulted
in a strength change of -0.2% in tension compared to -1.3% for non-staggered gaps. Two important
comments should be made here however. First of all, the minimal change in strength reduction could
indeed be a sign of the beneficial properties of staggering, but could also be a sign of experimental scat-
ter or statistical error. Variability in specimen preparation or measurement methods might contribute
to the observed results. Moreover, the stagger distance was chosen to be 2 mm, which is equal to the
gap size, meaning each gap begins at the end of the adjacent gap (at the ply above or below). This
quite small stagger distance contrasts with other studies. For example, Blom et al. (2009) [28] used
stagger distances of 19 mm or 38 mm, depending on the number of repeating plies in a laminate with
a 76.2 mm course width. Similarly, Li et al. (2015) [16] used a 10 mm stagger distance with a 2 mm
gap size. The minimal stagger distance used by Woigk et al. raises questions about its effectiveness
compared to more widely spaced gaps, and could also be the main reason for such a small effect on
strength difference with non-staggered specimens.

Gap-filling mechanisms

To better understand the effects of Automated Fiber Placement (AFP)-induced manufacturing defects, it
is essential to consider changes occurring during the curing process, particularly regarding gaps. Prior
to curing, gaps—either between tows or due to tow-drops—are essentially voids. However, during
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curing, elevated temperature and pressure alter these regions, transforming them into resin-rich areas.
The forces driving these changes, and the resulting impact on laminate properties, will be discussed in
detail below.

Niknafs Kermani et al. (2021) [40] explored the mechanisms of gap filling during the Automated
Tape Placement (ATP) process for thin ply composites. Automated Tape Placement, or Automated
Tape Laying (ATL) is a process similar to AFP, only using wider prepreg tapes (width range from 76.2
mm to 304.8 mm) [41]. The research introduced a numerical model to simulate the gap-filling process
by coupling the squeeze flow behaviour of resin within the tapes with the deformation of the top layers
into the gaps (Figure 2.19). It should be mentioned that a third mechanism also takes place during
the gap-filling process, namely resin percolation. During this phenomenon, the resin within the fiber
bed permeates into the gap, as opposed to resin squeeze flow, in which the resin and the fibers move
as one and fill (part of) the gap. However, for simplicity’s sake, resin percolation was not taken into
account in this study. The model’s predictions were validated against experimental observations us-
ing micrographs of the manufactured samples. Key findings included that lower viscosity resins filled
gaps more quickly, reducing the time for cross-ply deformation, while higher viscosity resins slowed
the squeeze flow, making deformation more significant. The stiffness of the cross-ply layer also influ-
enced the extent of deformation into the gaps, affecting the fiber waviness and the overall quality of the
composite. The model accurately predicted the deformation behaviour of the cross-ply into the gaps,
although discrepancies in thickness predictions indicated the need to account for resin percolation in
future models.
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Figure 2.19: Schematic view of gap filling mechanisms (squeeze resin flow and ply deformation into the gap) [40]

As a follow-up on their previous work, the same group of researchers led by Simacek (2022) [42]
investigated the role of resin percolation in gap filling mechanisms during the ATL process for thin ply
thermosetting composites. The study focused on understanding how gaps between adjacent tapes,
which can introduce defects such as porosity and fiber waviness, are filled during the manufacturing
process. The research extended existing models that primarily considered the squeeze flow of fiber
and resin suspension by introducing resin percolation as a significant secondary mechanism (Figure
2.20). This comprehensive model integrates both squeeze flow and resin percolation to simulate the
gap-filling process more accurately. Experiments using thin prepreg tapes provided visual evidence
of resin-rich zones, validating the model’s predictions. Numerical simulations and parametric studies
were conducted to assess the impact of various parameters on gap filling, highlighting the importance
of resin percolation, especially with thinner tapes. The findings demonstrated that resin percolation is a
critical mechanism in gap filling, influencing the formation of resin-rich zones and the overall quality of
the composite part. Especially in the case of tow-drop gaps, considering their geometry one can easily
understand the high importance of resin percolation. Because the tows are not parallel, in the case
of squeeze flow, the fibers encounter the boundary of the adjacent tow, which does not allow them to
"squeeze” into the gap effectively, facilitating the activation of pure resin percolation (Figure 2.2).
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Figure 2.20: Schematic view of gap filling mechanisms (including resin percolation) [42]

2.4. Research Questions

Considering the existing body of research in this domain, it is evident that gaps detrimentally affect
the strength and mechanical properties of composite laminates. Conversely, the impact of overlaps
remains inconclusively evaluated, with some studies indicating a positive effect and others a negative
one. ltis also well-established that the staggering of plies provides beneficial properties, mitigating the
adverse effects of gaps. Given that analyzing both types of defects —gaps and overlaps— would be
a quite tedious and time-consuming task, this thesis will concentrate exclusively on the study of gaps.
This focus is justified by the more predictable behaviour of gaps and their generally more severe impact
compared to overlaps. Regarding the types of gaps to be investigated, the decision has been made to
focus on tow-drop gaps rather than tow-to-tow gaps. This decision is primarily based on the fact that
numerous studies have already extensively addressed the impact of tow-to-tow gaps [24], [16], [32],
[27], [33], [35]. In contrast, tow-drop gaps present a few research gaps that need further investigation.

More specifically, although most publicly available studies examine the impact of tow-drop gaps in
considerable detall, in all of them ([28], [24], [25], [16], [31], [32], [27], [35], [37], [38], [36]), free-edge
effects are present, as the defects run all the way to the edges of the specimens. This is something
not very representative of reality, as usually, defects (such as gaps and overlaps) are contained in the
interior of wider laminates. These free-edge effects influence failure behaviour primarily by inducing
delaminations at the laminate’s edge. This phenomenon must be avoided to obtain a clearer under-
standing of the deformed state of the laminate and, consequently, the actual impact of the tow-drop
gaps. In fact, Falco et al. stated in their 2017 study (which is one of the main influences of the present
thesis): “the physical/virtual coupon testing approach show limitations in the analysis of the influence
of the tow-drops on laminate response, despite the fact that the coupons are representative of a sub-
domain of a large variable-stiffness plate. This is because the specimens free-edges also influence the
damage mechanisms, mainly delamination, and the influence of the defects is not isolated completely.
Hence, future analyses on VSP should take into account the occurrence of delamination without the
influence of outside conditions.” (Falcé et al. (2017) [31], p.70).

In addition, several of the research works presented above do not take into account the deformed
internal geometry of the laminate after curing, when creating their finite element models. As aforemen-
tioned by Niknafs Kermani et al. (2021) [40] and Simacek et al. (2022) [42], the cured architecture of the
laminate is governed by ply bending and resin squeezing into gaps. These effects (and especially the
one of ply bending) are often neglected in literature and therefore, considering the deformed waviness
would produce more accurate results. To quote Falcé et al. once more: "More realistic physical and
virtual coupons, including curved fibres, should be designed taking into account the out-of-plane wavi-
ness and the ply thickness variation...” (Falcé et al (2017 [31], p.70). This was also a major outcome
in the Master’s Thesis of Laszlo Czél (2024) [39], which greatly influenced this work.

Hence, the two main research gaps that will be addressed in this thesis are:

1. Investigating the impact of tow-drop gaps without the interference of free-edge effects

2. Including the deformed geometry (such as tow bending/waviness) into the FE models that will be
used to validate future experimental results.
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As aforementioned, due to the collaboration with Airborne Aerospace, the work done in this thesis
should align up to a certain point with the interests of the company. Airborne Aerospace is a leader in
the industry of manufacturing composite structures for aerospace applications, often using AFP in their
manufacturing methods. Laminates produced with AFP often contain gaps and overlaps, which is why
the company is keen on the better understanding of the implications of such defects. The inspiration
about the topic of this thesis came from a composite structure that Airborne has already produced and
is known to exhibit tow-drop gaps. The structure in question is a pressure vessel, featuring a cylindrical
body and two dome-shaped end caps, predominantly manufactured using AFP. While the cylindrical
section of the pressure vessel is well-characterized and extensively analyzed, the dome-shaped areas
pose some uncertainties, particularly regarding the presence of defects such as gaps and overlaps
in the fiber layup. These regions are of significant interest, as they represent a critical area where
manufacturing imperfections, including tow-drop gaps, are more likely to occur and could potentially
compromise structural integrity.

Therefore, developing the right research question (and subquestions) is essential to effectively ad-
dress the tow-drop gaps and theirimpact, particularly in composite pressure vessel applications. Taking
everything into account, the main research question and subquestions of this thesis are the following:

Main Research Question

How do gaps resulting from tow drops during the Automated Fiber Placement (AFP) process, and
which are isolated from free-edge effects, affect the tensile strength (in terms of First-Ply Failure) of a
composite laminate?

Subquestions:

1. What is a suitable specimen design, in terms of specimen geometry and layup, gap geometry and
size, gap configuration, method of gap introduction, and type of loading, to accurately evaluate
the effects of tow-drop gaps in the composite laminate, relevant to pressure vessel applications?

2. How does the implementation of the cured geometry of the laminate (including fiber waviness and
resin-rich areas) affect the results about tensile strength, as well as the failure modes predicted
initially?

The studies presented and discussed in this chapter featured gaps embedded in laminates intended
for uniaxial testing (usually tensile, but sometimes also compressive, such as in the case of Blom et
al. (2009) [28]). However, it will be shown in the next chapters (especially in Chapters 3 and 4), that
in order to answer these research (sub)questions accurately, a uniaxial tensile specimen might not
suffice, and instead a specimen loaded in biaxial tension might be needed. A standard uniaxial tensile
specimen could of course still be used as an alternative. More details about the reasoning behind this
will be presented later on.

This distinction in loading types raises the question of how the laminate’s failure behaviour might
differ between these two loading conditions. Studies have shown that the strength and deformation
characteristics of composite laminates under biaxial loads can differ from those under uniaxial loading.
For instance, the study of Zhu et al. (2020) [43] has shown that biaxial loading can lead to earlier onset
of damage and different progression patterns compared to uniaxial loading. Also, the research of Hinton
et al. (1996) [44] on filament-wound composite tubes under biaxial loading conditions indicated that
traditional failure criteria may not adequately predict failure in biaxial stress states. Lastly, the paper of
Welsh et al. (2007) [45] on quasi-isotropic carbon composite laminates also showed that biaxial loading
can lead to complex stress distributions, resulting in failure modes that differ significantly from those
observed under uniaxial tension.

To sum up, this chapter reviewed established knowledge and identified research gaps that this
study aims to address. The following chapters will explore the research questions in detail and provide
answers.



Representative Specimen
Requirements

In order to address the research questions with the highest degree of accuracy, it is essential to de-
sign and analyze a specimen that contains well-characterized defects. This specimen will serve as
the primary vehicle for evaluating the true impact of these defects on the performance of composite
structures. In the context of this thesis, as aforementioned, the defects have the form of tow-drop gaps.
The precision and reliability of the specimen design are critical to ensuring that the results obtained
from testing are both accurate and predictive of real-world behaviour. Apart from that, since this thesis
was conducted in partnership with Airborne Aerospace, an essential aspect is to eventually come up
with a specimen design that is representative (as much as possible) of a real-life case of a composite
structure containing tow-drop gaps, in order to correlate the theoretical level of academic research to
a practical application that is of interest to the company.

As mentioned in Chapter 2, the representativeness of the specimen design is derived from its corre-
lation to a demonstrator of a pressure vessel that was manufactured by Airborne. The specimen design
should balance between being highly representative of the dome areas of the pressure vessel, while
also being similar to well-established testing specimens. This approach allows the research to take
advantage of proven experimental methods, procedures and known material behaviours. In order to
achieve the above, the specimen should meet certain requirements, divided in the following categories:

1. Gaps geometry and size
2. Load cases
3. Specimen layup

In the present chapter, each of the above requirements will be analyzed and justified. Due to confi-
dentiality, details about the pressure vessel manufactured by Airborne cannot be disclosed. However
the following case study deals with a very similar topic, and is thus presented in order to give the
reader a better understanding of the details of AFP-manufactured composite pressure vessels and
their induced defects.

3.1. Case study: AFP-manufactured pressure vessel containing de-

fects

The study of Oromiehie et al. (2024) [46] explored the use of Automated Fiber Placement (AFP) to
manufacture a composite overwrapped pressure vessel (COPV) (presented in Figure 3.1), aiming to
improve fuel efficiency in hydrogen storage applications. AFP was used for the construction of both
the inner composite liner and outer overwrap, which was used to also fully cover the internal aluminium
domes. The material used for the liner and overwrap was unidirectional carbon/epoxy prepreg, and a
total of 75 plies were laid in optimized orientations to resist axial and hoop stresses. AFP applied heat
and pressure to the fibers through a compaction roller and hot gas torch, maintaining a temperature of
200°C and a consolidation force of 180 N. The resulting laminate structure achieved 17.74% weight

28
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reduction compared to traditional metallic liners, proving the benefits of using composite materials in
such applications.

Item No. | Description

Aluminum Domes

P | -

Inner Composite Liner

e

Outer Composite Overwrap

Figure 3.1: Concept design of a composite pressure vessel using AFP [46]

However, manufacturing complex geometries like the COPV’s dome areas presented challenges.
The AFP process struggled with tow steering and maintaining fiber orientation on these highly curved
surfaces. While fiber paths with fixed orientations (such as +30°, +45°, +60° or 90°) were laid down
more or less without problems in the cylindrical section of the vessel, deviations between the nominal
and actual fiber angles arose as the AFP machine head moved into the dome sections, where double
curvature becomes a factor. To address this, the fiber tows needed to be steered along the path so
that the initial set fiber angle remains constant throughout each course, compensating for deviations
in the dome area. Nonetheless, the decreasing radius in the dome area of the tank will generally lead
to ply thickness build-up if a constant and continuous course is maintained. To prevent this, the fiber
tows were stopped and restarted, leading to defects such as gaps and overlaps. The dome regions
exhibited unavoidable stress risers due to these AFP-induced defects, which could potentially be the
failure points under the high-pressure conditions in the tank, proving once more the detrimental effect
of these defects.

It is clear that in the context of the present thesis, the gaps contained in the specimens to be de-
signed must relate to the gaps found in structures such as the pressure vessel discussed above. A
closer look at the geometry and size of these defects is thus deemed necessary. In Figure 3.3, a
zoomed-in view of the gaps found in the dome areas of the pressure vessel is presented. As can be
seen, the gaps (which resulted from tow-dropping - marked in red) have the characteristic triangular
shape which has been discussed so far. The authors of this paper do not provide specific values for
the size (width and length) of the gaps, but it can be observed in Figure 3.3 that at their base, the gaps
have a width equal to one tow width. The tow width of the material used in this study was 6.35 mm,
therefore following the same reasoning as Falcé et al. (2014) [25], it can be assumed that the gap
length is around 30 mm.
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Figure 3.2: Gaps and overlaps distribution in dome areas of the pressure vessel (30° ply) [46]

Figure 3.3: Gaps in dome area (zoomed in) [46]

3.2. Requirements
In the next section, the requirements that the specimen must meet in order to be as representative as
possible of the domes of an AFP-produced pressure vessel are discussed.

3.2.1. Gaps geometry and size

As discussed in Section 3.1, to accurately assess the impact of these tow-drop gaps on the mechanical
strength of the specimen, it is essential to design a specimen that includes gaps that closely mimic
real-world conditions. These gaps must not only be realistic in their geometry and size but also in the
way they are introduced during the manufacturing process. Given the objective of accurately replicating
real-life defects, it is crucial that the gaps in the specimen reflect the characteristic triangular-like shape
of tow-drop gaps typically induced by AFP. This triangular geometry arises due to the nature of the AFP
process, where the discontinuation of fiber tows in certain areas creates a gap that tapers off, forming
a distinct, wedge-like shape. This gap geometry holds for both curved surfaces (as the one found in
the dome area of pressure vessels - Figure 3.3) and flat laminates (as the one seen for example in
the study of Blom et al. (2009) [28] - Figure 2.9). Replicating this specific geometry in the specimen is
essential for ensuring that the mechanical behaviour observed during testing accurately mirrors that of
actual AFP-manufactured components.

Furthermore, the dimensions of these gaps — both in terms of width and length — should (as closely
as possible) match those found in real composite structures. The size of the gaps directly influences
how stress is distributed within the material, as larger gaps may lead to more pronounced stress concen-
trations, which can significantly affect the strength and failure mechanisms of the structure. Designing
a specimen with unreasonably large or small gaps could lead to inaccurate results and conclusions.

Regarding the gaps width, it is reasonable to assume that the base of each gap should be equal to
the full width of a single tow. This assumption is based on the nature of the AFP process, where a tow
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is dropped, creating a gap that spans the width of the tow. Since the tow-drop is typically initiated at
the base of the gap, the width at this point should correspond to the actual width of the tow, ensuring
that the defect is as realistic as possible (refer to figure of tow-drop gaps). Of course, a tow-drop gap
with a triangular shape means that the gap width is not constant, but is decreasing along its length.

Concerning the gaps length, it mostly depends on the gaps’ base width (therefore the tow width)
and the angle between the two tows that create the gap (called discontinuity angle). Falcé et al (2014)
[25] has stated that a discontinuity angle of 12° is generally a worst-case scenario for the tow-angle
mismatch between tows, therefore following simple trigonometry, this would result in a gap length of
29.9 mm. This is derived from the assumption that the gap has a shape of a right triangle, with a
90° angle between the its base and its height. Of course, in the research of Falcé et al (2014) [25],
fiber steering was not used and instead straight tows were placed next to each other, being cut at the
boundaries of the adjacent tow. In reality, the discontinuity angle would not be created by a discrete
step, but rather a continuous increase in angle, as described in Blom et al. (2009) [28]. The length
of 29.9 (or 30 mm for simplicity) mm can be regarded as the lowest limit for the gap length, as with a
smaller discontinuity angle between the tows (which can often be the case), the gap length increases.
For example, for an angle of 6°, the gap length becomes double, at around 60 mm. If we assume a
bottom limit for the discontinuity angle at 5°, the top limit for the gap length is at around 72.5 mm. This
assumption comes from the minimum steering radius achievable in fiber steering for prepregs with a
tow width of 1/4” (6.35 mm), which is usually 400 mm [39]. Therefore, a valid range of lengths for the
gaps in this thesis is between 30 mm and 72.5 mm.

3.2.2. Load cases

As previously mentioned, the ultimate goal of designing a representative specimen is to perform me-
chanical testing on it, after manufacturing, to validate any simulations performed regarding the impact
of tow-drop gaps on its strength and failure mechanisms. Of course, the main question here is: What
would be the most suitable test for this kind of specimen? The most obvious answer to this question
would be performing a uniaxial tension test, a widely accepted and standard mechanical test, which is
used to assess material strength. This testing method is advantageous due to its straightforward manu-
facturing and execution processes, as well as the availability of appropriate testing machines within the
DASML (Delft Aerospace Structures & Materials Laboratory). Uniaxial tension would provide reliable
data on the tensile strength and failure behaviour of the composite specimen in question, making it
a suitable choice for initial assessments. The maximum loading capability of the mechanical testing
machine in the DASML is 250 kN, therefore the specimen should be designed to have a failure load
(quite) lower than this value.

However, to have a case that is as representative as possible of the dome areas of the pressure ves-
sel presented above, it is important to consider the actual load case that such a structure experiences.
To give a definition of pressure vessels, they typically take the shape of spheres, cylinders, cones, ellip-
soids, tori, or combinations of these geometries. When the thickness of the vessel is small in relation
to its other dimensions (with the ratio of radius to thickness, R/t, greater than or equal to 10), these
vessels are classified as membranes, and the stresses generated from the pressure are referred to as
membrane stresses. These stresses are characterized as average tension (or compression) stresses,
which are assumed to be uniform across the vessel wall and act tangentially to its surface. In the case
of internal pressure, the stress state in the pressure vessel is triaxial, defined by three principal stresses.
More specifically, for the main body of a pressure vessel, which is usually in the shape of a cylinder,
the three principal stresses are as presented below [47], [48]: (Figure 3.4):

* oy, . longitudinal stress
* oy : circumferential (or hoop) stress
* o, : radial stress

Additionally, there may be bending and shear stresses present. The radial stress is a direct stress
resulting from the pressure exerted on the wall, producing a compressive stress equal to the pressure
on the surface it acts upon. In thin-walled vessels, this radial stress is negligible compared to the
circumferential and longitudinal stresses, and is therefore often disregarded in analysis [47].

Apart from the cylindrical section of pressure vessels, the same stress state holds for the dome areas
of the structure (which are of especial interest in the context of this thesis). As can be seen in Figure
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Figure 3.4: Stresses acting on cylindrical section of pressure vessel (citation)

3.5, if we closely examine a single, isolated element of the dome area, both the longitudinal stress (in
this figure denoted by o) and the hoop stress (denoted by o) are present. The only difference lies in
the double-curved geometry of the dome area, as opposed to the single-curved one of the cylindrical
body. Consequently, it can be concluded that the stress state of an element in the skin of the pressure
vessel (as aresult of the internal pressure that is exerted on it) is tension in two perpendicular directions
(namely biaxial tension). Therefore, it is reasonable to assume that the most representative case for
the dome area of a pressure vessel containing gaps would be a flat specimen loaded in biaxial tension.

oy Fibre bundle

Oy

Op

Figure 3.5: Pressure vessel dome area stress state [49]
On a mathematical level, in general, the equations that describe the longitudinal (o) and hoop (o)
stresses on a cylindrical thin wall are the following [50]:

P-r
g =
L= 7o

(3.1)
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P-r
t

,where P is the internal pressure, r is the cylinder radius and t is the wall thickness.

However, as aforementioned, the load case for the specimen should accurately represent the load-
ing conditions on the dome area of a pressure vessel, which is typically spherical, ellipsoidal, or toroidal
in shape. In the case of a spherical dome, the longitudinal stress is defined by the same equation as
for the cylindrical wall. However, the hoop stress is twice that of the cylindrical wall, resulting in the
hoop stress being equal to the longitudinal stress. Thus, it can be stated that for spherical domes:

(3.2)

og —

P-r
= (3.3)

Therefore, the stress state for a spherical dome section can be translated into a flat specimen,
loaded in biaxial tension, with a loading ratio of 1:1, meaning that the loading in both (perpendicular)
directions will be equal. An example of the biaxial tensile testing fixture (with equal loading in x- and y-
axes), along with the cruciform-shaped specimen to be tested on it are presented in Figure 3.6.

Note that for non-spherical domes, the stress state is more complex and the longitudinal and hoop
stresses are not necessarily equal. This means that in order to cover all possible cases, the biaxial
tension test fixture should have the capability of adjusting the loading ratio to other values apart from
1:1. More specifically, as is presented in the paper of Koussios (2009) [49], for a zero in-plane shear
stress condition the two primary stress components in the dome area of a CFRP pressure vessel are
related with the following ratio:

o, =0g

o sin? a + k, cos? o

(3.4)

og  cos?a+ k.sin?a

where « is the winding angle of the fibers (the angle between the fiber direction and the longitudinal
axis of the dome), and k. is called the anisotropy parameter, which represents the relative contribution
of the material’s anisotropic properties to the stress distribution in the structure. In general, the winding
angle ranges between 0° and 90°, and the anisotropy parameter between 0 and 1. A value of 1 for
k. denotes an isotropic material. Hence, it is obvious that the ratio between the longitudinal and hoop
stress is influenced by the type of CFRP material (k.) and the orientation of each ply («). For a typical
value of k. = 0.2 (which reflects the high anisotropy of CFPR) and a ply oriented at « = 45°, the stress
ratio becomes:

o sin? a + k, cos? o 1

op  cos?a+ k.sin?a

For a winding angle of « = 30°, a ratio of

7o~ 05
o9

occurs, while for a = 60°, the ratio becomes equal to 2. Therefore, for lower winding angles, the
longitudinal stress is higher than the hoop stress, with the situation being reverse for higher winding
angles (larger than 45°).

In summary, to accurately characterize the impact of tow-drop gaps on the dome areas of pres-
sure vessels, it is essential to design a specimen that can be mechanically tested under conditions
that closely mimic the actual loading these structures encounter. The most effective approach for this
purpose would be to utilize biaxial tension as the load case, particularly with the option to apply varying
magnitudes of loading in the two perpendicular directions. However, if implementing biaxial tension
proves too complex, a uniaxial tension test can still serve as a valuable preliminary step towards un-
derstanding the effects of these manufacturing defects.
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Figure 3.6: Example of a biaxial tension test fixture [51]

3.2.3. Specimen layup
A fundamental consideration in designing the specimen for this thesis is the layup configuration, which
includes both the total thickness - determined by the number of plies - and the specific orientation of
each ply. In practical applications, the total thickness of CFRP pressure vessel dome sections can
extend up to 10 mm, or even more [46]. However, replicating this thickness for the purposes of this
thesis would be impractical. A specimen this thick would be more difficult to handle and would require
quite higher loads during testing, which could possibly exceed the capacity of the available testing
equipment in the lab. Moreover, a thicker specimen would require a significantly larger quantity of
material for manufacturing, which could prove to be both prohibitively expensive and logistically unfea-
sible within the scope of this thesis. The cost of sourcing sufficient material to produce a full-thickness
specimen that meets industry standards would far exceed the project’s budget and resources. Ad-
ditionally, manufacturing such a specimen at full thickness would pose practical challenges, further
complicating the experimental process. Therefore, it would be unreasonable to attempt to fabricate a
specimen of industry-level thickness, given the constraints of this research. As a result, the total thick-
ness for the specimen was deliberately reduced to ensure that it can be both manufactured and tested
under the available conditions. Moreover, ISO 527-5 [52], which is a specific standard describing the
test conditions for tensile testing of fiber-reinforced plastics, features two different specimen types with
thicknesses of 1 and 2 mm. Taking all this into account, the thickness of the specimen was decided to
be set to 1 mm (or as close to this value as possible, depending also on ply thickness).

Another significant aspect of the specimen design is to have a layup that is balanced and symmetric.
To clarify, first of all, a balanced layup means that for every +6 ply there is a corresponding -6 ply
somewhere in the stacking sequence. Additionally, a symmetric laminate features a symmetric stacking
sequence with respect to the mid-plane of the laminate [21]. For instance, the laminate with layup
[0/+45/-45/0/-45/+45/0] is symmetric and balanced. The question is: why is a balanced and symmetric
laminate needed? To answer this, it is essential to refer to Classical Lamination Theory (CLT) and
more specifically to the ABD matrix, which is the matrix that connects the loads (forces and moments)
applied to a composite laminate to its resultant strains and curvatures:



3.2. Requirements 35
N, Ain A1z Ais Bii Bi2 Bis €x
N, Ay Ay Az Bia By DB Ey
Nay | _ |Ae Az Aec Bis Bz Bes | |Vay (3.5)
M, Bii Bia Big Dii Dia Dis Ry ’
M, Bia By DBas Dia Dax Dag| | Ky
M, Big Bas Bes Dig Do Degs| |Kay

The ABD matrix can be calculated for a laminate with a known layup, therefore from the above
relation, the strains (and curvatures) of the laminate can be easily calculated (with a simple inverse of
the ABD matrix), as the loads of the test will be known. The ABD matrix combines three sub-matrices
- A, B and D - each representing different aspects of the laminate’s mechanical response. Specifically:

» The A matrix (extensional stiffness matrix) relates in-plane forces to in-plane strains.

» The B matrix (coupling stiffness matrix) represents coupling between bending and stretching. It
relates in-plane forces to curvatures and bending moments to in-plane strains. This coupling
occurs in laminates that are unsymmetric with respect to their mid-plane.

» The D matrix (bending stiffness matrix) relates bending moments to curvatures and it captures

the laminate’s resistance to bending.

For a symmetric laminate, the B matrix is zero, hence bending-stretching coupling is avoided [21].
This is crucial to achieve, since this coupling can lead to bending in the specimen, which complicates
the analysis and obscures the pure tensile response. Symmetry about the mid-plane eliminates the
B matrix, ensuring that tensile loads result in pure in-plane deformations without unintended bending.
Moreover, as can be deduced by Equation 3.5, the elements A5 and Asg in the ABD matrix couple the
shear strain ~,,, with the axial forces IV, and NN, respectively. This is also something to be avoided, as
having a pure axial in-plane deformation (thus no ~,,) makes it easier to assess the direct impact of the
tow-drop gaps on the laminate’s tensile strength without introducing secondary shear effects that could
affect the stress distribution around the gaps. In addition, any shear stresses that could possibly be
present near the gap area, could be attributed to the gaps themselves, allowing for easier conclusions
regarding the behaviour of the laminate containing defects. For a balanced laminate it holds that A4
= Ay = 0, therefore this coupling is indeed avoided [21].



Specimen Design

With the specimen design requirements established, as outlined in Chapter 3, the next step was to
develop the actual specimen designs. Two primary designs were created: one for the uniaxial tensile
testing specimen, and one for the biaxial tensile specimen. However, along the design process, it was
revealed that a pure biaxial tensile testing machine was not available, neither in the DASML, nor in
any other faculty of TUD. This poses a significant challenge in the research process. The challenge
lies in validating the numerical results experimentally, as the biaxial tensile fixture is still at the concept
stage and has not yet been manufactured. To address this, another type of biaxial tensile specimen
could be used instead. In this setup, the cruciform-shaped specimen would be fixed in one direction
(x- axis) and pulled in the other (y-axis). This method, although not purely biaxial, still offers some kind
of loading in two perpendicular directions, due to the Poisson effect. Since for composite materials the
in-plane Poisson ratio (see below for definition) is usually v,5 = 0.3, theoretically the loading ratio that
could be feasible with this method could be assumed to be close to 1:3. However, this is something
that needs to be evaluated. Note that from here on, the specimen using this setup will be referred to
as the semi-biaxial tensile specimen.

The Poisson effect refers to the material’s tendency to contract in the direction perpendicular to
an applied tensile load (or conversely expand in the direction perpendicular to an applied compres-
sive load), an effect that can be illustrated in Figure 4.1. Mathematically, it is expressed through the
Poisson’s ratio:

- (4.1)
, Where ¢, is the transverse strain and ¢, is the axial, or longitudinal strain (in the direction of the acting

force) [53].

COMPRESSIVE
FORCE

l

/— DEFORMED SHAPE 7
ORIGINAL UNDEFORMED SHAPE
FORCE ‘ i FORGE

COMPRESSIVE
FORCE

Tension Measurement Compression Measurement

Figure 4.1: Poisson effect in tension and compression [53]
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Therefore, in the case of semi-biaxial tensile loading, when the specimen would be pulled along
the y- axis, it would attempt to contract along the x- axis. However, because the x- axis is fixed —
preventing both translation and rotation — this contraction is restricted, resulting in a reaction force
along the x-axis. Although the force generated in this direction will be lower than the applied force in
the perpendicular direction, this setup still approximates the different loading ratios observed in internal
pressure conditions (see Chapter 3, section 3.2.2 for details). Note that rotation is equally important to
be restricted as translation, since if the specimen is free to rotate in one axis but not the other, bending
stresses could arise which could affect the failure behaviour. Thus, it is clear that this semi-biaxial
approach can provide a feasible method for experimentally evaluating complex stress states, when a
fully biaxial fixture is unavailable, and could potentially act as an initial evaluation step.

To distinguish between the biaxial and semi-biaxial tension specimens, another version of the initial
biaxial design was created. In terms of total geometrical dimensions, and distribution and dimensions
of gaps, the two are exactly the same. In essence, the only difference between the two lies in the
applied boundary conditions. In the first one (biaxial), a pure biaxial loading is applied, in the form
of displacement-controlled tensile loading acting in two perpendicular directions. In the second one
(semi-biaxial), a slightly different type of loading is applied, where a displacement-controlled tensile
load (along the y-axis) acts on the two longitudinal arms of the specimen, while the other two arms are
clamped.

The cruciform-shaped design, used for the FE modelling of the biaxial and semi-biaxial tensile spec-
imens is shown in Figure 4.2. This design is a theoretical concept of a specimen suitable for a biaxial
tensile testing machine, intended to be manufactured and used in the TUD lab in the future. Note that
the geometry of the specimen is the standard cruciform shape. A typical example of a biaxial testing
machine is also presented in Figure 4.3.
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Figure 4.2: Geometry of biaxial tensile test specimen
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Figure 4.3: An example of a biaxial tension testing machine [54]

Apart from these two, an analysis for a uniaxial tensile testing specimen was also carried out. In
terms of its dimensions, it is a simple, rectangular laminate, with its length and width being based on
the respective dimensions of the biaxial tensile testing specimen, specifically 350 x 140 mm.

For each specimen type, two models were developed: a baseline specimen (without gaps) and a
gap specimen (with tow-drop gaps). The gap specimen was designed to contain all tow-drop gaps into a
single ply, referred to as the gap layer, replacing a corresponding ply in the baseline specimen. Then, to
initially assess tensile strength reduction based on First Ply Failure (FPF) load, the performance of the
gap specimens would be compared to that of the baseline specimens. Having the gaps inside one single
ply would reduce complexity in the experimental setup, as it would allow for direct comparisons between
the baseline and the modified specimen without having to change multiple layers or configurations. In
addition, this choice allows for easier identification of failure mechanisms during testing, as the gaps
are isolated in one specific location and thus, the complexity of interactions between gaps in multiple
plies or staggered configurations is eliminated. Consequently, this setup reduces ambiguity, making
it easier to pinpoint how and where failure initiates and propagates. Moreover, the selection of one
single gap layer provides a better understanding of the interaction of adjacent tows in the presence of
gaps, for similar reasons. Including multiple gap layers (especially in the case of non-staggered gaps)
would make the detection of failure initiation and propagation much more complicated, not to mention
the much greater time and effort that would be needed to model multiple gap layers. The details of the
FE model setup for all the designs will be presented later in this chapter.

4.1. Materials used in FEM

The properties of all relevant materials used in the design and analysis process will be presented in this
section. Regarding the CFRP material, the HexPly® 8552 epoxy matrix system, along with the AS4
high strength carbon fibers is used, forming the HexPly® 8552 AS4 prepreg [55]. Since the gaps will
be modelled (initially) as resin-rich areas, properties of neat resin are also needed, and can be found
in Table 4.2. Apart from the material properties, the tensile strength of the neat resin is also given in
the prepreg’s datasheet [55], with a value of 121 MPa. The nominal cured ply thickness of the prepreg
is 0.13 mm, at a 37% cured resin content (hence 63% cured fiber content). The ply tow width is 1/4”,
or 6.35 mm.

Additionally, the relevant values for the strengths of the prepreg material are presented in Table 4.3
below. These values will be needed for calculating the failure criteria used in this thesis and which are
presented in the next chapter, along with the results of the FE analyses.
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HexPly® 8552 AS4
Material Property | Units | Value
E, MPa | 141000
Es MPa | 10000
V12 - 0.3
G12 MPa 4500
Gis MPa 3000
Ga3 MPa 3000
t (ply thickness) mm 0.13
tw (tow width) mm 6.35

Table 4.1: Material properties of HexPly® 8552 AS4 [55]

Hexcel 8552 Neat Resin

Material Property | Units | Value
E MPa | 4670
G MPa | 1752
V12 - 0.33

Table 4.2: Material properties of Hexcel 8552 Neat Resin [55]

HexPly® 8552 AS4
Strength Property | Units | Value
Xr MPa | 2207
Xc MPa | 1531
Yr MPa 81
Yo MPa | 216
S12 MPa 114
Sa3 MPa 95

Table 4.3: Strength properties of HexPly® 8552 AS4 [55]

Apart from the above, unidirectional Glass Fiber Reinforced Polymer (GFRP) was also used as a
material, in the form of a plate with a thickness of 2 mm, which is something that can be found relatively
easily in the market. This material was used in the biaxial and semi-biaxial specimens, essentially
enclosing the CFRP laminate. This choice was made in order to reinforce the arms of the specimen and
shift the failure location to the center of the laminate, where the gaps are also located. An assumption
was made about the GFRP material properties, based on the material values of a common used GFRP
laminates found online [56]. The relevant material and strength properties are presented in Tables 4.4
and 4.5.

UD GFRP

Material Property | Units | Value
Eq MPa | 24132
E, MPa | 20684
vi2 - 0.136
Gi2 MPa | 3800
G13 MPa | 2000
Gas MPa | 2000

t (plate thickness) | mm 2

Table 4.4: Material properties of UD GFRP 2 mm thick plate [56]
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UD GFRP
Strength Property | Units | Value
Xr MPa | 344.7
Yr MPa | 275.8
S12 MPa 89

Table 4.5: Strength properties of UD GFRP 2 mm thick plate [56]

4.2. Specimen layups

In terms of layup, all the specimen laminates were decided to be 7-ply thick, meaning a total laminate
thickness of 0.91 mm (for a ply thickness of 0.13 mm). This choice was made after consideration of
the desired thickness for the laminate, but also the need for it to be balanced and symmetric. As the
latter requirement is driven by the ply orientations, let’s first discuss this part.

4.2.1. Layup for uniaxial tensile specimen
First of all, it is obvious that for a uniaxial tensile specimen, at least some of the plies should be oriented
at 0°. This is due to the inherent capability of the fibers in a composite material to carry most of the load,
as they are much stronger and stiffer than the resin matrix. In the uniaxial tensile test, the load would
be applied in a single direction (along the length of the specimen). If the fibers are aligned in the same
direction as the applied load (0°), the composite can effectively use the high stiffness and strength of
the fibers to resist deformation and failure. However, after an initial assessment for the baseline, it was
shown that a 7-layer specimen containing only 0° plies would fail at a very high load (around 350 kN),
much exceeding the 250 kN capability of the DASML testing machine. Therefore, it was decided to
change the orientation of some of the plies, in order to reduce the failure load into acceptable limits.

The question then became what that orientation should be. In general, simulations showed that as
the angle increases from 0° towards 90°, the failure of the specimen shifts from fiber to matrix driven.
Matrix failure is something that if possible (at least for the uniaxial tension specimen) should be avoided,
as it is a complicated failure mode, with usually no clear signs of identification. Unlike fiber failure,
which is typically abrupt and occurs at well-defined stress levels, matrix failure can develop gradually,
leading to non-catastrophic but progressive damage that is harder to detect and quantify. Due to the
requirement to have a symmetric and balanced laminate, it means that out of the seven plies, four
should be in an orientation other than 0°. After performing a few simulations, it was concluded that
this shift in failure mode occurs slightly lower than +45°. More specifically, for four plies oriented at
+50°, the Hashin failure criterion estimated the failure indices as follows: F.I.matrix tensie = 0.92 and
F.I iper tensie = 0.57. When the ply orientations were reduced to +45°, the failure indices became
FI iper. tensie = 0.64 and F.1.matix, tensile = 0.69. It is inferred thus, that further reducing the orientations
below £45° would shift the dominant failure mode from matrix-driven to fiber-driven. Additionally, it was
observed that increasing the orientation angle of the non-0° plies resulted in a decrease in the failure
load. Consequently, to maintain fiber failure while ensuring a sufficiently low failure load, the orientation
of the non-0° plies was selected to be +40°. Hence, for a 7-layer baseline uniaxial tensile specimen, the
layup was decided to be: [0/+40/-40/0/-40/+40/0]. Note that the laminate is balanced and symmetric
around the central 0° ply.

Regarding the gap specimen, it was decided that the gap layer would substitute the central 0° (ply
4), effectively making the gap specimen balanced and symmetric around the gap layer. This choice
was based on the desire to place the gaps on the inside of the laminate, as if they were to be induced
on the external plies, two gap layers would exist, something that was rejected early on. An additional
advantage of the central gap layer is that it allows for the modelling of the cured geometry of the
specimen. This is of course also feasible if the gap layer replaced any ply from 1 to 6, but placing it
outside the middle ply would require a second gap layer to maintain balance and symmetry. Positioning
the gap in the outermost ply (ply 7) would eliminate out-of-plane fiber waviness, making it unsuitable
for addressing Research Subquestion 2 (see Chapter 2).

For clarification of the specimen layup definition, the possible ply orientations are presented in
Figure 4.4. The +40° orientations are measured from the longitudinal axis (0°) of the laminate: -40°
counterclockwise and +40° clockwise.
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Figure 4.4: Ply orientations in the uniaxial tensile specimen

4.2.2. Layup for biaxial and semi-biaxial tensile specimen

Contrary to the uniaxial tensile specimen, the other two specimens are planned for biaxial (or semi-
biaxial) tensile testing, which means they would experience loads in two perpendicular axes. Therefore,
both 0° and 90° plies are needed in the specimen layup, in order to ensure sufficient load-bearing in
both directions. Due to the constraint about the specimen thickness, it was decided not to include other
orientations and thus, for a 7-ply laminate, the resulting (balanced and symmetric) baseline layup is:
[0/90/90/0/90/90/0]. The main reason for this layup is to have the middle ply as 0°, allowing it to be
replaced by the gap layer, as in the uniaxial tensile specimen. For a 7-ply laminate, above the middle
ply there are three plies, and the same amount of plies exists below the middle ply. To include both 0°
and 90° plies, at least one or two of the plies above and below the middle must be 90°. If only one ply
in each section is 90°, the laminate would have five 0° plies and two 90° plies, creating an imbalance
with much greater strength in the 0° direction. To achieve more balanced strength in both directions (a
total balance is impossible in a laminate containing an odd number of layers), two 90° plies are placed
above and below the middle, resulting in a layup with three 0° plies and four 90° plies. Note that, as
can be seen in Figure 4.5, the 0° orientation is parallel to the y-axis of the specimen, while the 90°
orientation is parallel to the x-axis of the specimen.
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Figure 4.5: Ply orientations in the biaxial and semi-biaxial tensile specimen

4.3. Possible Gap Layer Designs

In this section, the various gap layer concepts considered for the design are presented. Two concepts
were rejected due to significant limitations, and one concept was selected as the final design.

4.3.1. Gap Layer option 1

The first idea about the gap layer geometry came from a suggestion in Czel’s thesis [39] about a
possible optimal design for a specimen containing tow-drop gaps. As can be seen in Figure 4.6, the
gap layer in this case would consist of one (or multiple) strips of unidirectional CFRP material laid at an
inclined angle, surrounded by enveloping axial tows (at 0°), forming tow-drop gaps whose shape can
be controlled to achieve any desired aspect ratio by adjusting the inclination angle. Larger inclination
angle values (so from 0° towards 90°) would create tow-drop gaps with larger length-to-width aspect
ratio.

This concept, although it seemed promising at first, posed some critical issues that made it con-
sidered unsuitable finally. First of all, multiple tow-drop gaps are created one next to the other. This
distribution of gaps complicates the interpretation of failure mechanisms, as the overlapping stress
fields and interactions between adjacent gaps decrease the ability to isolate and study the behaviour of
individual gaps. This lack of clarity makes it challenging to draw precise conclusions about the failure
causes and undermines the design’s usefulness for detailed evaluation of the impact of the tow-drop
gaps.

Additionally, with this concept, fiber steering is essentially not used, as the gap introduction is very
similar as in the research of Falco et al. (2014) [25]. Although the gaps have the characteristic triangular
shape that is desired, they are produced with straight tows, limiting the correlation with real-life defects
found in curved geometries. This correlation is essential, as discussed in Chapter 3.

Manufacturing difficulties could also arise with this gap layer design. First, the inclined tow (or tows)
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would have to be precisely placed in the desired position (center of the ply to be constructed) and then
each axial tow would have to be accurately laid down and cut in the exact location where the inclined
tow edge begins, in order to make sure that the pattern of gaps presented in Figure 4.6 is achieved.
Especially in the corners of the inclined tow (bottom left and top right in Figure 4.6), the exact termination
of the axial tows could be quite a challenge. Slight errors in the placement of the tows could produce
a number of overlaps apart from the gaps, something that is not desired in the context of this thesis.

Axial tows

Tow-drop gaps ———»

Inclined tow(s)

Figure 4.6: Gap Layer option 1 (zoomed in area containing gaps)

4.3.2. Gap Layer option 2

Apart from the gap layer discussed above, another option was investigated. This option involved intro-
ducing separated gaps into the middle ply of the laminate, (more or less) far apart from one another.
In Figure 4.7, a possible design of this gap layer is presented. It is obvious that these gaps cannot be
created with tow-dropping during AFP, since in order to produce the triangular shape that is needed
for characterizing this type of defects, the respective tow would have to be terminated under an angle,
something not feasible with current AFP techniques. To address this issue, the gaps would need to
be created manually, likely using a specialized cutter. However, since the gap layer is in the middle of
the laminate, manual cutting during layup risks damaging the underlying tows. To solve this, a metal
strip could be placed over the underlying laminate ply before cutting the gaps in the gap layer, which
would prevent damage in the plies underneath. Once the gaps are created, the strip would be carefully
removed, leaving the laminate intact. Note that two isolated gaps are introduced in this concept, but
the creation of multiple gaps is also possible. Even one single gap could be created, if the goal is to
examine the impact of a single, isolated gap.

Although this option would solve the problem of clustered gaps that could obscure the failure identi-
fication and understanding, additional issues would be caused, which eventually led to the dismissal of
this idea as well. The main reason of rejection was the method of gap introduction, as the process that
was described above adds extra manufacturing complexity, which is something unnecessary and to
be avoided if possible. However, another (and probably more important) reason for not choosing this
method is the fact that tows would need to be cut not only perpendicularly, but also under an angle. In
this method (Figure 4.7), the tow is cut on two sides to form the triangular gap, severing fibers in both
directions. This process weakens the tow by disrupting its continuity and increasing the likelihood of
stress concentrations at the cut edges. These stress concentrations can serve as initiation points for
cracks or delamination, potentially excessively reducing the local strength of the material, compared
to the traditional tow-dropping technique during AFP. Thus, in order to be closer to real-life tow-drop
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gaps, which would allow for a more accurate estimation of their impact, this design was also rejected.

Axial tows Manually introduced gaps
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Figure 4.7: Gap Layer option 2

4.3.3. Gap Layer option 3

As outlined in Chapter 3, a key requirement for a specimen to accurately represent tow-drop gaps from
AFP is for the gaps to exhibit a characteristic triangular shape. This shape can be achieved in several
ways, but the approach that was qualified involves taking advantage of the tow-steering capabilities
of the AFP process. By steering tows that are initally oriented at 0° and then returning them to their
original 0° orientation, a one-tow-width distance is created between adjacent tows. If an additional 0°
tow is placed between these two and cut precisely at the point where the steering begins, a gap is
formed. This gap has a shape that closely resembles the shape of standard tow-drop gaps induced by
AFP, with a base width of 6.35 mm (one tow width) and a total length of 71.2 mm (from the base until
the tip of the gap). Therefore, the gaps created using this method conform at a great extent with the
requirements set in Chapter 3 regarding the geometry and size of gaps.

The advantage of this method is that it enables precise control over the gap’s shape, ensuring a
consistent triangular form representative of actual tow-drop gaps seen in AFP processes. Note that the
design of the gap layer essentially follows the same principle for both the uniaxial and biaxial specimens,
with the AFP machine laying down, steering and terminating tows accordingly, until the whole surface
of the ply is covered. For symmetry reasons, three gaps are created with this technique, with the
central one being reversed compared to the other two. A distance of 31.75 mm (five tow widths) is
maintained between gaps to ensure they do not influence each other’s behaviour. For the uniaxial
tension specimen, the same distance (5 tow widths) is maintained between the edges of the gaps
and the specimen’s edges to isolate the gaps from free-edge effects, making sure their impact can be
accurately assessed.

In terms of steering, a steering radius of 400 mm is used for the design of all gap layers. This is the
minimum steering radius that can be achieved with AFP [39], but of course some process testing will
be needed during the actual manufacturing, to ensure that this specific material can withstand such a
degree of steering.
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Figure 4.8: Definition of gap layer for uniaxial tension specimen

Tow-drop gaps

Figure 4.9: Definition of gap layer for biaxial tension specimen
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Figure 4.10: Definition of gap layer (zoom)

4.4. FE model for uniaxial tensile specimen

To attempt to answer the research questions posed in this thesis as accurately as possible, an ex-
tended use of FE modelling was deemed necessary. The FEM software that was used was Siemens
NX/ Simcenter 3D. For the uniaxial tensile specimen, the FE model for the baseline (laminate without
gaps) was first created, in order to get a first estimate about the failure load and ensure it is below the
respective limit. Shell elements were initially used, for a faster model setup and run time. However,
although for a simple flat laminate with no defects, shell elements were proven to be sufficient for an
accurate analysis, it was quickly revealed that for a more detailed model containing gaps, elements
capable of capturing a three-dimensional stress field were necessary; therefore, solid elements are
used in this work.

The first attempt to simulate the gap specimen did not involve the actual geometry of the laminate
after curing, therefore fiber waviness was not accounted for at this stage. The laminate was modelled
as a solid block of material, composed of 7 layers one on top of each other, well connected with glue
constraints. Each layer represents one ply and has a thickness of 0.13 mm, making up a total of 0.91
mm thickness for the whole laminate. Plies 1 to 3 and plies 5 to 7 are essentially 3D rectangular plates
(with dimensions 350 x 140 x 0.13 mm). Ply 4, which is the gap layer, is identical with the others in
terms of total dimensions, only with a very important distinction: it is divided in four distinct areas. Three
of these areas represent the gaps and one covers the remaining portion of the layer. This is done in
order to simulate the different materials that are at play in the gap layer. More specifically, the gap layer
has the material properties of the CFRP material everywhere, apart from the gap areas. These areas
are assigned the material properties of the neat resin, therefore considering the gaps as resin pockets.

Regarding the mesh of the model, a mesh convergence study was performed in order to estimate
the level of mesh refinement needed to capture the necessary details. The results of this study are
presented in Figure 4.11. It can be seen that as the element size in the gap areas decreases (from
2 mm to 0.125 mm), the maximum failure index (F.1.) predicted by the Hashin criterion for a 100 kN
tensile force stabilizes around F.I. = 0.88. This occurs at an element size of 0.5 mm, as the difference
in the failure index compared to a 1 mm element size is negligible, approximately 0.1%. A 1% F.I.
deviation was set as the convergence criterion, indicating that the solution is considered converged if
consecutive iterations differ by less than this threshold. The solid elements that were used were the
CHEXAS8 elements (3D hexahedral finite elements). The size of the elements was decided to be 2
mm for plies 1 to 3 and 5 to 7, as well as for the gap layer, apart from the gap areas. For the latter,
a 0.5 mm element size was chosen instead, in order to cover the complex geometry of the gaps as
well as possible. With these element sizes, around 97000 elements in total were featured in the final
model. Only one element per layer was used in the thickness direction to reduce the total number of
elements, significantly lowering computational effort and time — something critical for iterative analy-
ses. However, this approach limits the accuracy of capturing through-thickness stress gradients and
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failure mechanisms, such as delamination and interlaminar stresses, which require finer discretization.
Despite these limitations, this meshing strategy was considered acceptable.
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Figure 4.11: Mesh convergence study for gap area of the uniaxial tensile gap specimen

A crucial aspect for an accurate FE analysis is the correct material orientation in every part of the
model, since the primary material is CFRP and thus anisotropic. For all plies except the gap layer, the
material orientation is determined by the ply’s specified angle (0°, +40°, or -40°) using the corresponding
in-plane vectors in the XY plane. For the gap areas, material orientation is not important since the
resin is isotropic. However, in the gap layer, the material orientation for the areas of the ply that are
steered (adjacent to and between the gaps) should align closely with the tow steering. This is achieved
by assigning the material orientation per element, with a vector tangent to the steered tow boundary,
hence defining the primary material direction. A visualization of this is provided in Figure 4.13.

Figure 4.12: Gap layer meshes for CFRP (green) and gaps/resin pockets (yellow)



4.4. FE model for uniaxial tensile specimen 48

Figure 4.13: Gap layer meshes for CFRP (green) and gaps/resin pockets (yellow) - zoom. The black arrows show the material
orientation, which follows the steered tow boundaries

As for the boundary conditions, for the uniaxial tensile specimen, a fixed constraint was imposed
on one edge, along the width of the specimen. The opposite edge of the specimen was restricted
to move or rotate in all directions, apart from the longitudinal axis of the specimen, along which axis
was assigned a tensile force. The tensile force magnitude was chosen arbitrarily but was reasonably
aligned with the expected failure load for this laminate in a tensile test. As will also be explained in the
next chapter, a failure index based on a certain failure criterion will be calculated in the analysis, and
the First Ply Failure (FPF) load can be estimated by interpolation. These conditions ensure that a pure
uniaxial tensile load is simulated. All boundary conditions were applied on a node in the center of the
respective edge, which was connected to the whole edge with tie constraints (RBE2 elements). The
boundary conditions applied on the model are presented in Figure 4.14.
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Figure 4.14: Boundary conditions in the uniaxial tensile specimen model. The outline of the gap areas in the middle of the
laminate is also slightly visible

4.5. FE model for biaxial and semi-biaxial tensile specimen

The process for the FE modelling of the biaxial and semi-biaxial tensile specimens was largely similar
to that of the uniaxial tensile specimen. In essence, a single FE model was created for both specimens,
with two separate boundary condition sets applied (one for each specimen). In terms of geometry, the
laminate was again modelled as a solid, with seven layers having the cruciform shape presented in
Figure 4.2 and a thickness of 0.13 mm being stacked one on top of the other. Two unidirectional GFRP
plates were also attached to the outside plies of the 7-ply CFRP laminate, with a rectangular cutout in
the middle in order to reinforce the arms of the specimen and move the failure location to the inside,
where the gaps also exist. The same type of solid elements (CHEXA8) was again used, with around
200000 elements in total. The large increase in the total number of elements (almost double), compared
to the uniaxial tensile specimen, is due to the larger dimensions of the biaxial tensile specimen. Details
about the mesh will not be presented here, since the meshing process was more or less the same as
in the uniaxial tension specimen.

In terms of boundary conditions, for the biaxial specimen, a displacement controlled loading was
assumed, meaning that equal (but opposite in direction) displacement is applied in all four "arms” of
the specimen (Figure 4.15). The (tensile) displacement is applied at a coupling point in the middle of
each arm’s edge, connected to the entire edge using tie constraints (RBE2 elements, as before). This
coupling point is also restricted to move or rotate in any other direction, thus, a pure biaxial displacement
is achieved. The details of the specimen’s geometry and boundary conditions are presented in Figure
4.15.

As mentioned before, for the modelling of the semi-biaxial specimen, only the boundary conditions
of the model that had already been set up for the biaxial specimen were altered. Specifically, instead of
applying displacement controlled (tensile) loading in all four arms, only the two arms (along the y-axis)
were prescribed with this kind of loading. The other two arms of the specimen (along the x-axis) had
their edges fixed, simulating a clamped boundary condition that would induce a reactive tensile force
due to the Poisson’s effect, as the specimen wants to contract in the transverse direction. The boundary
conditions of this specimen can be seen in Figure 4.16.
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Figure 4.15: The biaxial tensile specimen model and its boundary conditions. The outline of the gap areas in the middle of the
laminate is also visible
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Figure 4.16: Boundary conditions in the semi-biaxial tensile specimen model. The outline of the gap areas in the middle of the
laminate is also visible



Initial FEM Results and Discussion

Once the specimen designs described in Chapter 4 were finalized, the FE analyses were prepared
and executed. In this chapter, the initial FEM results for the uniaxial, biaxial and semi-biaxial tension
specimens will be presented and discussed. Due to limitations of the FEM software, a Python code had
to be generated in order to calculate composite failure based on the Hashin failure criterion. Specifically,
the principal stresses in each element of each ply are extracted from the FEM results, and are imported
into the code which evaluates the Failure Indexes (F.I.) for the four different failure modes of the Hashin
criterion. The highest F.I. among the four denotes the type of failure. The mathematical formulation of
this criterion is presented once more below [22], [23]:
Tensile Fiber Failure Mode (if 017 > 0):
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The FE analysis aimed to estimate the First Ply Failure (FPF) load for each specimen type (uniaxial,
biaxial, and semi-biaxial) for both baseline and gap specimens. A comparison between the FPF loads
of the baseline and the gap specimen would then give a first estimate about the impact of the tow-drop
gaps in the tensile strength of the composite laminate. The First Ply Failure theory assumes that the
failure of any single ply in a laminate results in the failure of the entire laminate. However, the first-
ply failure load is typically conservative, as failure in the form of matrix cracking may not immediately
cause the laminate to fail [57]. In reality, what typically occurs is progressive failure, where plies that
theoretically have failed at the FPF load can continue to bear some load before final failure. In the
context of this thesis, only First Ply Failure is considered. Note that at this stage, the gaps are modelled
as resin pockets, without accounting for fiber waviness.

51
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5.1. Uniaxial Tensile Specimen

To achieve accurate results in FEM, it is crucial to apply the correct boundary conditions and load cases.
For the uniaxial tension specimen (both baseline and gap specimen), as discussed in Chapter 4, one
edge was fixed in all degrees of freedom, while a tensile force was applied on the opposite edge (as
seen in Figure 4.14). The tensile force was applied as a point load in the middle of the edge, at a
coupling point connected to the whole edge. The top edge was also free to move only in the direction
of the tensile force, simulating thus a pure uniaxial tension. In terms of force magnitude, all the analyses
were conducted with a 100 kN tensile force. The resulting stresses from this boundary condition and
loading configuration were used to calculate the Hashin failure criterion, and based on that the FPF
load was estimated using extrapolation. For example, if the highest F.I. from the Hashin criterion at
a 100 kN tensile force is exactly 1, the FPF load is 100 kN. If the highest F.I. is 0.8, the FPF load is
calculated as 100/0.8 = 125 kN.

5.1.1. Baseline specimen results

In this section the FEM results for the baseline panel will be presented. As can be seen in Figure
5.1, stress concentrations occur in the corners of the rectangular panel. These stress concentrations
are due to the boundary conditions applied on the edges. To tackle this issue, the advantages of the
well-known St Venant's principle will be exploited. This principle states that the effects of these local
disturbances diminish beyond a distance roughly equal to the disturbance size [58]. Therefore, stress
concentrations at the corners can be neglected, allowing the analysis to focus on the center of the
specimen, where the stress field remains unaffected.
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Figure 5.1: Distribution of 011 in ply 1 of uniaxial baseline specimen for a uniaxial tension of 100 kN. The load is applied in the
horizontal (0°) direction. Stress concentrations in the corners of the specimen are clearly visible.

The analysis for the panel without defects predicted that the off-axis plies (plies oriented in angles
different than 0°, therefore plies 2 (+40°), 3 (-40°), 5 (-40°) and 6 (+40°)) fail first and simultaneously.
The Hashin criterion showed a fiber failure occurring at the center of these plies, with a calculated
Failure Index equal to 0.69 for a 100 kN tensile load. This means that a first estimate for the FPF load
would be: FPFyqsciine = 100/0.69 ~ 145k N.
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The analysis results can be visualized in Figures 5.2 and 5.3 which present the normal stress parallel
to the fiber direction (o11), as well as the in-plane shear (r12) stress for ply 5. The grey areas in the
figures indicate regions with stress values exceeding those at the failure area (ply center). The normal
stresses in the fiber direction (-40°) at the failure location are relatively low, approximately 312 MPa, as
shown in Figure 5.2, representing less than 15% of the material’s total tensile strength (2207 MPa). In
contrast, the shear stress at the failure location, shown in Figure 5.3, although lower in magnitude (93.7
MPa) corresponds to around 82% of the material’s total shear strength. This shows that although fiber
failure is predicted, in-plane shear is probably the driving force in the failure of the baseline specimen.
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Figure 5.2: Distribution of &1 in ply 5 of uniaxial baseline specimen for a uniaxial tension of 100 kN



5.1. Uniaxial Tensile Specimen 54

Failure location

w
o
.
jary

Figure 5.3: Distribution of 712 in ply 5 of uniaxial baseline specimen for a uniaxial tension of 100 kN

5.1.2. Gap specimen results

After obtaining a first estimate about the FPF load of the baseline uniaxial tension specimen, the next
step was to run the same FE analysis for the respective specimen containing gaps, as described in
Chapter 4. At this point, fiber waviness is not taken into account, therefore the gaps (created with fiber
steering as discussed previously) are assumed to be fully filled with resin. The results of this analysis
indicated again a fiber failure according to the Hashin criterion, occurring almost simultaneously in plies
3 and 5 which are oriented at -40°. However, in contrast with the baseline specimen, the failure area
is not located at the center of the plies, but in the areas of the plies that are directly above or below the
gaps (resin pockets) in ply 4, and more specifically close to the gaps’ wider edge.

Figure 5.4 presents the o4, distribution on ply 5. The stress scale in this figure is set to the max-
imum o7 at the failure region (adjacent gap locations), with grey areas indicating regions where o1,
exceeds this value. It is clear that the regions with o1, values higher than those at the gap locations
are significantly larger; however, these are not the failure regions. This indicates that oy, is not the
critical factor in the failure of the gap specimen. Instead, as shown in Figures 5.5, 5.6, and 5.7, the
failure locations correspond to peaks in shear stresses 715 and 73. If the mathematical formulation of
the Hashin Fiber Failure Mode is again considered:

ot | Th T

F'I'_X_%+S—f2<1 (5.5)
it can be deduced that failure is dependent on the ratios of the (ply) longitudinal and shear stress
with their respective strengths. It is observed that in-plane shear m, has a peak value of 100 MPa,
which is almost 88% of the total shear strength of the CFRP material. On the other hand, o;; has a
maximum value of 420 MPa in the region of failure, which is less than 20% of the total tensile strength.
Thus, it is reasonable (as was the case with the baseline specimen) that the fiber failure predicted by

the Hashin criterion is again dominated by shear.
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Figure 5.4: Distribution of o1 in ply 5 of uniaxial gap specimen for a uniaxial tension of 100 kN.
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Figure 5.5: Distribution of 715 in ply 5 of uniaxial gap specimen for a uniaxial tension of 100 kN
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Figure 5.6: Distribution of 11 (left) and 12 (right) in ply 5 of uniaxial gap specimen for a uniaxial tension of 100 kN (zoom)
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Figure 5.7: Distribution of 713 in ply 5 of uniaxial gap specimen for a uniaxial tension of 100 kN

The predicted failure occurs in the plies adjacent to the gap layer, specifically above or below the
wider ends of the gaps. This can be explained by the fact that gaps are modelled —and, to some extent,
existin reality —as resin-rich areas. The tensile load that is applied to one edge of the specimen must be
transferred through all the plies along the specimen’s length. In ply 4, the load is transferred effectively,
until it encounters the resin pockets in the gap areas. Due to the absence of fibers in these regions,
the load cannot continue directly and must be redirected, either through the steered tows adjacent to
the gaps or through the plies neighboring the gap layer. The portion of the load redirected through the
steered tows generates a o1, stress concentration at the edges of the gaps (Figure 5.8). Meanwhile,
the load transferred through the adjacent plies creates a shear stress concentration (both in-plane and
out-of-plane), which ultimately causes failure in these plies, as previously discussed.
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The quantified impact of the gaps on the tensile strength of the specimen is reflected in the calcu-
lation of the Hashin criterion, which yielded a maximum fiber failure index (F.I.) of 0.88 for a 100 kN
tensile load. This indicates an estimated first-ply failure (FPF) tensile load of approximately 100/0.88 ~
113.6 kN, which is 21.6% lower than the corresponding FPF load for the baseline specimen. This
strength knockdown is in general in agreement with relevant knockdown values found in literature.
More specifically, as is presented in Table 2.1, tensile strength knockdowns range from 2% to 55%
depending on laminate thickness and layup, type of gaps (tow-to-tow or tow-drop), gap size and gap
introduction. The experimental and numerical studies of Falco et al. (2014 and 2017) [25], [31] give a
similar estimation for the uniaxial tensile strength knockdown, ranging from 12.5% (FE models without
accounting for fiber waviness) to 22% (through experimental work, which obviously accounts for the
real geometry of the defects after curing). These studies examined multiple gaps across various plies
of the laminate, unlike the single gap layer considered in this thesis. Also, the gap size in Falcé et al.
(2014 and 2017) [25], [31] is smaller, with the same base width but a length of 29.9 mm, less than half
of the 71.2 mm examined here. However, multiple gaps in more than one plies have been studied in
these researches, which could make up for the smaller gap size and increase the strength knockdown,
especially when gaps are not staggered. Falcé et al. used a different layup as well, including 0°, +45°,
and 90° plies, whereas the uniaxial tensile specimen in this thesis features only 0° and +40° plies. All
of the above prove that, even though the strength reduction results found through simulations in the
present thesis can be considered reasonable based on similar results in literature, accurate compar-
isons are hard, if not impossible to be made, due to fundamental differences among the specimen
designs across different studies.
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Figure 5.8: Distribution of o11 in ply 4 (gap layer) of uniaxial gap specimen for a uniaxial tension of 100 kN

5.2. Biaxial Tensile Specimen

This section presents the results and discussion for the biaxial tensile specimen. As detailed in Chapter
4, the cruciform-shaped specimen is subjected to biaxial loading under controlled displacement. The
displacement magnitude was set arbitrarily to 1 mm in each direction, with the specimen pulled 1 mm
along both the positive and negative y-axis and 1 mm along both the positive and negative x-axis.
No other boundary conditions were applied. The magnitude of displacements for the biaxial tensile
specimen is presented in Figure 5.9.
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Figure 5.9: Displacement magnitude for the biaxial tensile specimen

Under this displacement-controlled loading, the Hashin criterion was evaluated for all four failure
modes to determine failure based on the Failure Index (F.1.), with failure occurring if F.I. exceeds 1. The
reaction (tensile) forces resulting from this loading were extracted from post-processing for both x- and
y- directions, and the respective tensile failure loads were calculated based on the largest value of the
F.l., as in the case of the uniaxial tensile specimen. Thus, for the biaxial (and also for the semi-biaxial)
specimen, the total tensile failure load is divided in two components; one in x- direction and one in y-
direction.

It was mentioned previously that a 2 mm thick GFRP plate was added outside the CFRP laminate
(on top of ply 7 and below ply 1) to reinforce the specimen’s arms, reduce stress concentrations in
the fillet areas, and shift the failure location to the specimen’s center. This GFRP plate is made of
unidirectional glass fibers and was placed oriented at 0° (along the y-axis). Therefore, although the
CFRP laminate consists of three 0° plies and four 90° plies, the two GFRP plates (2 mm thick each)
that are oriented at 0° would make the total structure stronger in the 0° (y-) direction. Hence, the tensile
failure load is expected to be larger in this direction. In the following sections, the FEM results for the
baseline and gap specimens will be presented and analyzed.

5.2.1. Baseline specimen results

For the arbitrary 1 mm displacement along both positive and negative x- and y- directions that was
imposed on the baseline specimen, it was revealed during post-processing that the reaction tensile
forces were: F, = 100.4 kN and F,, = 123.5 kN. However, these are not the FPF tensile loads, as the
analysis showed that for the imposed displacement, the maximum value of the Hashin criterion was:
F.I.=2. Thus, in order to find the FPF loads in the x- and y- directions, the above values for the forces
must be divided with the value of the maximum F.I., giving therefore the following estimates for the FPF
tensile loads of the baseline specimen: F, = 50.2 kN and F,, = 61.75 kN. This proves the assumption
that the failure load would be larger in the y-direction.

Concerning the failure mode predicted by the Hashin criterion, the analysis showed a tensile matrix
failure. The failure was located at the center of plies 2, 3, 5 and 6 (plies oriented at 90°) and occurred
almost simultaneously, as the values for the F.I. in all these plies were almost identical. If the mathe-
matical formulation of this failure mode is once again examined:

(020 + 033)° | T3 — 022033 | Tia + Ti3
Y S35 St
it can be seen that the transverse and out-of-plane stresses o5, and o33, along with the shear
stresses 712, 723 and T3 compose the F.l. calculation. Focusing on ply 5, the FE analysis showed

that at the failure location, the shear stresses, as well as o33 are basically zero. This means that the
dominant stress component to determine failure is 025, which is the stress component perpendicularly

FI. = <1 (5.6)
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to the fiber direction. In Figure 5.10, the peak transverse stress can be observed in the center of ply 5,
which is the location of failure.
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Figure 5.10: Distribution of o225 in ply 5 of baseline specimen for a biaxial tensile displacement of 1 mm

Thus, it can be concluded that the baseline biaxial tensile specimen fails almost simultaneously
at plies oriented at 90° (along the x-axis) due to excessive transverse stress at the center of these
plies, leading to tensile matrix failure according to the Hashin failure criterion. In essence, a tensile
matrix failure due to transverse stress refers to the breakdown of the polymer matrix material (matrix
cracking) that binds the fibers together, caused by stresses acting perpendicular to the fiber direction.
This failure mode is usually not easy to be identified experimentally, as matrix cracking could be initiated
and propagated slowly, allowing for the material to withstand further loading after the estimated First
Ply Failure load. Thus, suitable non-destructive testing (NDT) and monitoring methods should be used
in order to assess the actual level of damage, when the tensile experiment is carried out. Specifically,
monitoring efforts should focus on detecting and tracking the initiation and growth of matrix cracks, and
identifying signs of delamination that may follow matrix cracking. More details about damage monitoring
and suitable NDT techniques will be discussed in Section 5.4.

Apart from the stress components analyzed above, which are ultimately the ones that cause tensile
matrix failure, the normal stress component parallel to the fibers (o11) in ply 5 is also presented below
(Figure 5.11). It can be seen that in the failure area (center of the ply), the stress magnitude is around
900 MPa, well below the relevant tensile strength of the material (2207 MPa), showing that the ply
is capable of withstanding a much larger load in the fiber direction, and therefore that o1, is not the
dominant stress component for failure.
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Figure 5.11: Distribution of o1 in ply 5 of baseline specimen for a biaxial tensile displacement of 1 mm

5.2.2. Gap specimen results

The gap specimen for the biaxial tensile test was also subjected to the same type of displacement-
controlled loading: 1 mm tensile displacement along both positive and negative x- and y- directions. The
reaction forces due to this loading were: F,, = 101.2 kN and F,, = 124.2 kN. Again, a calculation of the
Hashin criterion based on the stress condition under this loading revealed a maximum F.I. = 2.4. which
means that the FPF tensile loads can be estimated at: F, = 1012 = 42.2kN and F,, = 1242 = 51.8 kN.
These values are approximately 16% lower than the respective failure tensile loads calculated for the
baseline panel, something that again showcases the negative impact of the gaps in the tensile strength
of the laminate, even in biaxial tension.

The Hashin criterion calculations indicate that the failure mode is tensile matrix failure, with ply 3
and ply 5 — plies adjacent to the gap layer — failing first, almost simultaneously. The failure location
can be found at the ply areas exactly above or below the gaps, and more specifically towards the wider
end of the gaps. This observation is in line with the failure location of the uniaxial tensile specimen,
although this time, it is not the in-plane shear stress that dominates the failure behaviour, but rather
the transverse stress. The same explanation as before can be given more or less; when the axial
load (in y-axis) encounters the gaps in ply 4, due to a sudden stiffness reduction, it has to be rerouted,
both around the gaps in the same ply, but also through the adjacent plies. Since ply 4 consists of plies
oriented at 0° (with low level of steering in the gaps area and thus negligible deviation from 0°), the extra
load is effectively transferred through the steered tows, as their load-bearing capacity is highest at 0°.
On the contrary, plies 3 and 5 are oriented at 90°, thus, any excess axial loading cannot be transferred
successfully by these transverse plies, resulting in transverse stress concentration and therefore in
matrix failure due to exceeding the transverse strength of the material. The distribution of o295 in ply 5
for the 1 mm tensile displacement can be visualized in Figures 5.12 and 5.13, where the failure location
above the wider end of the gaps is clearly marked by the peaks of o55. The distribution of o1, in ply
5 for the 1 mm tensile displacement is also presented in Figure 5.14, where it is again clear that in
the failure locations, the maximum o1, (around 1000 MPa) is less than half of the material’s tensile
strength (2207 MPa). This is another observation supporting the predicted tensile matrix failure mode,
since the fibers are capable of carrying more than twice the current load. Note that even the stress
concentrations occurring in the corners and around the holes for the bolts are well bellow the allowable
limit.
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Figure 5.12: Distribution of o223 in ply 5 of gap specimen for a biaxial tensile displacement of 1 mm
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Figure 5.13: Distribution of o22 in ply 5 of gap specimen for a biaxial tensile displacement of 1 mm (zoom)
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Figure 5.14: Distribution of o1 in ply 5 of gap specimen for a biaxial tensile displacement of 1 mm

5.3. Semi-Biaxial Tensile Specimen

The FEM results for the semi-biaxial tensile specimen are presented and discussed in this section. First,
it is essential to emphasize the key difference between this specimen design and the pure biaxial one. In
this design, a displacement-controlled loading is applied only in the y-direction, with the top and bottom
arms pulled equally, while the left and right arms remain fixed, simulating a clamped condition. The
displacement magnitude was again chosen arbitrarily to be 1 mm, and the failure loads were estimated
in the same way as described above. The displacement magnitude of the semi-biaxial specimen is
presented in Figure 5.15. The process of calculating the FPF loads in x- and y- directions is the same as
in the biaxial tensile specimen, therefore the reader is referred to Section 5.2 for a detailed description.
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Figure 5.15: Displacement magnitude for the semi-biaxial tensile specimen

5.3.1. Baseline specimen results
For the baseline specimen, the semi-biaxial tensile specimen under the specified loading and boundary
conditions exhibited reaction forces of F, = 9.9 kN and F;, = 113.6 kN. Evaluation of the Hashin criterion
showed a maximum F.I. = 1.46, with the failure mode again being tensile matrix failure. Thus, the FPF
loads can be estimated as: F, = 2% = 6.8 kN and F, = 1130 — 77 8 kN.

The analysis predicted that, as in the pure biaxial case, plies 2, 3, 5 and 6 (oriented at 90°) fail first
almost at the same time. Plies 5 and 6 seem to fail slightly earlier than plies 2 and 3, but the difference

in the calculated Failure Indexes was almost negligible (less than 0.5%) , therefore it is assumed that
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all these four plies fail simultaneously. The failure was located again in the center of these plies, as
can be seen in Figure 5.16.
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Figure 5.16: Distribution of 022 in ply 5 of baseline specimen for a semi-biaxial tensile displacement of 1 mm

In terms of the type of failure predicted, the same behaviour as in the biaxial tensile specimen was
observed. Essentially, the specimen will again fail due to excessive transverse stress in the center
of the plies oriented along the x-axis, resulting in tensile matrix failure. Also, Figure 5.17 presents
the distribution of o1 in ply 5 of the baseline specimen, where a compressive stress is observed in
the center of the ply (failure location), not exceeding 100 MPa in magnitude, while the rest of the ply
experiences a tensile normal stress. In any case, the maximum stress magnitude is around 5% of the
material’s strength, showing again that o, does not affect the failure behaviour in this case.
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Figure 5.17: Distribution of o1 in ply 5 of baseline specimen for a semi-biaxial tensile displacement of 1 mm

5.3.2. Gap specimen results

The FEM results for the gap specimen showed reaction forces of F,, = 10 kN and F,, = 114.2 kN under
the same displacement-controlled loading and boundary conditions, nearly identical to the reaction
forces of the baseline panel. The maximum Hashin Failure Index again indicated tensile matrix failure
in plies 3 and 5 (adjacent to the gap layer), with F.I = 1.8. This means that, following the same
procedure as before, the estimated FPF loads are: F, = 18 = 55 kN and F, = 442 = 63.4 kN.
These failure loads are 19.1 % and 18.5 % lower than the respective loads in the baseline semi-biaxial
specimen. For the sake of simplicity, and in order to refer to a singular value for the strength knockdown,
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the average between these two strength reductions is taken at 18.8%. Hence, it is proven that the tow-
drop gaps created in the context of this thesis have detrimental effects on the tensile strength of all the
cases investigated: uniaxial, biaxial and semi-biaxial tension.

As before, the failure location in the semi-biaxial tensile specimen was predicted to occur just above
(ply 5) or below (ply 3) the wider end of the central gap. Figures 5.18 and 5.19 show the o95 distribution
in ply 5 of the gap specimen, where the peak in this stress component is clearly visible. Figure 5.20
shows the o, distribution in ply 5 of the gap specimen, where a quite similar image as the one in the
respective baseline specimen (Figure 5.17) can be observed.
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Figure 5.18: Distribution of o232 in ply 5 of gap specimen for a semi-biaxial tensile displacement of 1 mm
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Figure 5.19: Distribution of o252 in ply 5 of gap specimen for a semi-biaxial tensile displacement of 1 mm (zoom)
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Figure 5.20: Distribution of o1 in ply 5 of gap specimen for a semi-biaxial tensile displacement of 1 mm

5.4. Understanding and identifying failure

So far, the numerical results confirm that failure occurs at specific load magnitudes in both baseline and
gap specimens, as well as the fact that tow-drop gaps induced by AFP in a composite laminate have
a negative impact on the laminate’s tensile strength. The Hashin criterion used in this study identifies
four failure types and predicts the load when failure occurs. However, it does not explain the physical
implications of each failure mode, such as what happens within the laminate during a specific mode.
Additionally, it raises the following question; how can one identify failure? This section aims to address
these fundamental issues.

First of all, two different failure modes have been predicted by the Hashin criterion so far: tensile
fiber failure and tensile matrix failure.

In the present thesis, as was discussed above, tensile fiber failure was observed in the uniaxial
tensile specimen and more specifically in the off-axis plies, oriented at +40° or -40°. Because these
plies are not aligned with the direction of the tensile load, they exhibit a relatively low axial stress state
in the location of failure, however the shear stresses take up a much larger percentage of the total
shear strength capacity, making shear the crucial stress component for failure (see Figure 5.6). The
shear stress in this case is the in-plane, or intralaminar shear, 7. This stress component is the one
acting between the different tows composing the ply, and could lead to (matrix) microcracks, fiber-matrix
debonding or even fiber rupture. Microcracks are intralaminar matrix cracks that run parallel to the fibers
and extend through the ply thickness. Fiber-matrix debonding - which could also lead to microcracks
- usually means that the fiber-matrix adhesion is not strong enough, causing premature failure of the
laminate due to insufficient load transfer between matrix and fibers. Moreover, fiber fracture occurs
when the load-carrying fibers have to bear a higher tensile stress than their respective strength, leading
to excessive stretching and ultimate failure (breakage) of the fiber. The final failure of the laminate under
tension usually comes gradually, after a specific sequence of the above failure types taking place [59]:

1. Initial micro-damage occurs due to failure at the fiber-matrix interface (fiber-matrix debonding).

2. Micro-damage extends through the ply thickness, marking the onset of meso-damage (microc-
racking propagation).

3. Multiple meso-damages develop within the same ply, increasing crack density.

4. Local stiffness loss causes stress redistribution to adjacent plies, overloading fibers and resulting
in final laminate failure.

This is the damage initiation and propagation sequence that is assumed to take place in the case
of the uniaxial tensile specimen, probably leading to final tensile failure due to fiber fracture.
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Figure 5.21: Microcracks extending through the ply thickness [59]

On the other hand, the biaxial and semi-biaxial tensile specimens exhibit tensile matrix failure. This
is due to the transverse stress in the failure location being higher than the respective transverse strength
of the material, and the physical form that corresponds to this type of failure is delamination, which is a
crack that occurs between two plies. Damage begins in plies where the fiber orientation is transverse
to the load direction, with microcracks forming parallel to the fibers. These microcracks typically grow
and spread throughout the plies. When enough microcracks have developed, delaminations (which are
essentially cracks) between adjacent plies occur. These delaminations run parallel to the plies, nega-
tively affecting load transfer between subsequent layers and therefore leading to stress redistribution
and stress overload of the transverse plies [59]. This explains why failure in the biaxial and semi-biaxial
specimens is located in the plies at 90°. The different failure types discussed in this section can be
seen in Figure 5.22.

The failure modes predicted by the FE analyses of the discussed specimens closely match those
reported in similar cases in the literature. As discussed in Chapter 2, the most common failure types
across all studies were matrix cracking and delaminations (particularly in laminate areas with high
transverse and shear stresses caused by gaps) and fiber fracture (notably in plies oriented at or near
0°). The alignment between literature observations and this study’s results supports the reliability of
the FE models developed so far, despite their significant simplifications, such as the omission of fiber
waviness.
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Figure 5.22: Matrix crack, fiber fracture and delamination failure types [59]

Apart from understanding the physical implications of laminate failure, addressing failure identifica-
tion is also crucial. While this thesis focuses on numerical analysis, experimental validation is needed to
confirm the effects of tow-drop gaps. Thus, during tensile (uniaxial, biaxial or semi-biaxial) testing, it is
essential to have an accurate way to identify the damage initiation, propagation, and ultimate laminate
failure

In uniaxial tensile testing, as mentioned above, the ultimate failure is assumed to occur as fiber
fracture. This is typically identified by a distinct snapping or cracking sound, indicating fiber breakage,
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along with a sharp decrease in tensile load. Hence, itis clear that the tensile fiber failure mode predicted
by Hashin for the uniaxial tensile specimen is relatively straightforward to be identified. Note that the
predicted tensile loads in Section 5.1 represent first-ply failure loads. Final failure during testing is
expected at slightly higher loads, as additional fibers beyond just those in the initial failure location
must be fractured to cause total laminate failure.

The situation regarding failure identification in the biaxial and semi-biaxial tensile specimens is more
complicated. Because fiber fracture does not occur, it is much harder, or even impossible to identify
final laminate failure empirically (by hearing a distinct sound). This does not mean that matrix cracking
or delaminations do not produce any sound. They do, but it is largely inaudible to the human ear
and requires specialized equipment to detect. Therefore, other non-destructive testing techniques for
damage evaluation are needed. It is important to emphasize that real-time monitoring techniques will
be discussed in this section, which would help assess damage evolution during testing, enabling for
better predictions of final failure.

One of the most useful methods in this matter would be Acoustic Emission Testing (AET), presented
visually in Figure 5.23. This is an in-situ damage assessment method, which monitors acoustic waves
produced inside the laminate by the release of energy during microstructural changes, such as ma-
trix cracking [60]. Sensors are placed on the surface of the laminate (external plies), detecting and
recording the aforementioned acoustic waves, as they are propagated through the laminate and reach
the surface. The frequency of these waves is measured, and based on the frequency magnitude, the
damage mechanisms discussed above (matrix cracking, fiber-matrix debonding, fiber fracture and de-
laminations) can be distinguished. In general, the frequencies detected in AET can range from 20
kHz to 1 MHz [61]. Frequency magnitudes from 120 kHz up to 220 kHz usually correspond to matrix
cracking, from 220 kHz to 250 kHz signify delaminations, while frequencies higher than 300 kHz relate
to fiber fracture [62]. Frequency magnitudes for fiber-matrix debonding often overlap those of matrix
cracking, so it is not always easy to identify the exact type of damage using this technique. These
ranges can be slightly different, depending on the type of acoustic emission sensor used, however a
general trend is that the detected frequency becomes larger when moving from matrix crack, to delam-
ination, to fiber fracture detection [62], [63], [64]. Hence, it is clear that Acoustic Emission is a valuable
non-destructive, in-situ monitoring method, that can be used during tensile testing to evaluate the dam-
age initiation, progression and have better estimations about the final laminate failure, allowing for a
validation of the numerical models presented so far.

AE sensors

Figure 5.23: Schematic of Acoustic Emission Testing on a pipe [65]

Apart from Acoustic Emission Testing, Ultrasonic Testing (UT) is another NDT method that can
be exploited to assess the damage mechanisms taking place during tensile testing of the designed
specimens. Ultrasonic Testing is another technique that uses the propagation of ultrasonic waves
within the material being inspected. Specifically, UT is an inspection technique that evaluates the
interactions (reflection, transmission, or scattering) of pulsed elastic waves in composite structures
under examination. Defects, voids, or cracks obstruct ultrasonic waves, causing these interactions,
which then can be detected and analyzed to assess the size, location, and extent of the damage. [66],
[39]. At first glance, it may appear very similar to AET, however the key difference is that it is an active
testing method, meaning that it uses an external energy source, typically generated by a piezoelectric
transducer, to create high-frequency ultrasonic waves. On the contrary, AET is a passive technique.
Instead of providing energy to the object being examined, it detects and "listens” to the energy released
by the object itself [67]. Ultrasonic Testing can be used in-situ, while performing the tensile tests of



5.4. Understanding and identifying failure 68

the specimens presented in this thesis, by using a coupling medium (e.g., water, gel) between the
transducer and the specimen to facilitate wave transmission. Although this poses practical difficulties
(maintaining coupling, transducer alignment), it can still provide valuable real-time information about
the initiation and propagation of internal damage (delaminations, matrix cracking), caused by gaps.
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Figure 5.24: Schematic of Ultrasonic Testing [68]

Lastly, another valuable NDT technique that could be used for damage evaluations is Digital Image
Correlation (DIC). Digital Image Correlation is a non-contact optical method for full-field measurement
of shape, displacement, and deformation [69], [70]. DIC works by capturing digital images of a spec-
imen at different instances and using correlation algorithms to track local displacements, providing
quantitative full-field data on displacement and strain development [70]. In the context of this research,
DIC could be used to monitor strain distribution and local deformation around regions influenced by
tow-drop gaps. By analyzing the strain maps generated during the uniaxial and biaxial tensile tests, it
could be possible to identify regions of stress concentration and observe the progression of damage
mechanisms in real time. This information could validate the numerical predictions of this thesis and
allow for better understanding of the specimens’ behaviour under each loading state. However, due to
the tow-drop gaps being located within the laminate (and not in its surface plies), DIC may face chal-
lenges in directly capturing their effects, as it primarily measures surface deformations. Internal defects
may not always induce visible surface deformation unless they cause secondary damage, such as de-
lamination or matrix cracking, that propagates to the outer layers of the laminate. However, since it is
strongly suspected that this type of damage will (at least up to a certain extent) be involved in the fail-
ure mechanisms of the designed specimens, DIC would still be a useful candidate for non-destructive
evaluation.
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Figure 5.25: Basic principles of DIC [71]



Investigating the effect of Fiber
Waviness

The results in Chapter 5 are based on a simplified model that does not account for the laminate’s actual
geometry after curing. Gaps are treated as resin pockets, with no changes assumed in the geometry
of the plies above them. However, as discussed in Chapter 2, this does not reflect real-life conditions.

In reality, it has been observed that during curing, a significant level of deformation occurs in the
interior of the laminate, especially in the areas around the gaps. As many studies showed [16], [27],
[32], [33], [39], [40], [42], prior to curing, the gap is technically an empty void. During curing, under
high temperature and pressure, the gap is partially filled with neat resin, while the adjacent ply bends
downward to fill the remaining space (Figure 6.1). The rest of the plies above the gap usually follow
the same movement, meaning they also exhibit some kind of undulation. In reality, these gap filling
mechanisms are very complex, and they have been described and analyzed in detail by [40] and [42].
A simpler approach was used in this thesis to model the fiber deformation thought to be occurring in
the discussed specimens, at least to a certain extent.

— 90° ply

\
/ matrix pocket \
tapered end full attachment

Figure 6.1: Schematic of deformed ply filling the gap, achieving full attachment [27]

In the first stages of the present thesis, it was intended to implement the fiber waviness by follow-
ing a similar approach to what Nguyen et al. (2021) [33] did. Specifically, it was initially planned to
manufacture a set of smaller samples - basically a smaller portion of the gap specimen discussed so
far for each case (uniaxial or (semi-)biaxial) - in the size of a rectangular area slightly larger than the
gap area. These samples would not be produced for mechanical testing, but they would be sectioned
and put under the microscope in order to study the details of the laminate geometry after curing. The
microscopy images would be analyzed to recreate the post-cured laminate geometry in and around the
gap areas in the FE model. This would involve measuring the deviation angles of each ply from their
nominal horizontal orientation to estimate the relevant out-of-plane fiber waviness. Then, the exact
geometry would be incorporated into the FEM models for the full-scale tensile specimens, assuming
no fiber waviness outside the gap area. These updated FE models for the three cases discussed so
far would be ran, and the updated results about the specimens’ failure locations and tensile strengths
would be obtained, allowing for a comparison with the results of both the baselines and the initial mod-
els without fiber waviness. As an initial step, in this thesis, assumptions about fiber waviness levels
were made based on relevant literature, and an initial model was developed as a proof of concept for
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a preliminary comparison with simpler models. This chapter presents this initial approach to account
for the fiber waviness in the FE models for uniaxial, biaxial, and semi-biaxial tensile specimens, along
with preliminary results on failure type, location, and strength reduction.

6.1. Modelling fiber waviness

The process of creating a FE model that takes into account at least to a certain extent the actual cured
laminate geometry is similar for the uniaxial and (semi)biaxial tensile specimens. A lot of simplifications
and assumptions had to be taken in this quest, which will be described in the following section.

First of all, it was assumed that only the plies above the gaps would experience some level of out-
of-plane waviness as described above. It is reasonable to assume that, because underneath the gaps
the plies are intact, there would be no reason for them to deform. However, realistically, it is possible
that all the plies in the laminate are deformed (although not to the same extent) since the out-of-plane
movement needs to be continuous. This was not taken into account, to reduce the number of plies
needed to be modified and therefore reduce complexity of the model and the needed computational
time. Therefore, in all the models, plies 1, 2 and 3 were still modelled flat, without any deformation.

The attempt to model the waviness starts with ply 4 and goes all the way up to the top surface of the
laminate. To begin with, it is generally assumed that plies 5—7 remain flat for their largest part, bending
downwards only in the gap areas to fill the triangular-shaped gaps that were previously considered as
neat resin regions. As one can imagine, modelling a continuous ply that bends downwards in the gap
area and then upwards again is relatively straightforward for tow-to-tow gaps which are rectangular, but
becomes significantly more challenging for tow-drop gaps due to their complex geometry. To simplify
the modeling process, each ply was not individually modeled with up-and-down waviness. Instead, the
same model as before was used, consisting of seven rectangular plies represented as solid bodies
and glued together. However, a key modification was made: in plies 4, 5, and 6, the gap areas were
partitioned, and different material properties and orientations were assigned. Note that the term "gap
areas” refers to the triangular-shaped tow-drop gaps, which are actual gaps in ply 4. Similar regions
are also defined in plies 5 and 6 to represent the fiber waviness caused by the gaps that are present in
ply 4. Apart from these 3 modified plies, ply 7, along with the bottom three plies remained unchanged.

The partitions that were made in the gap areas of plies 4, 5 and 6 represent the fiber waviness that
is thought to be taking place in the specimens that were designed. For example, previously, the gap
areas in ply 4 were resin pockets containing only neat resin. Now, these areas are divided so that a
significant portion represents the section of the adjacent ply bending into the gap. The material in this
region is changed from neat resin to the prepreg material, and the material orientation is assigned to
be the material orientation of the ply above. The rest of the gap areas in ply 4 are still modelled as neat
resin areas. This means that the resin pockets size is significantly reduced.

The same process is repeated for plies 5 and 6. The gap areas in these plies are divided in similar
ways as the ones in ply 4, only with the distinction that instead of resin pockets, the respective regions
keep the material orientation of the nominal ply. For example, the gap areas in ply 5 are divided into
areas of fiber waviness (with the material orientation of ply 6) and areas without fiber waviness (with
the material orientation of ply 5). Similarly, the gap areas in ply 6 are partitioned into regions with fiber
waviness, assigned the material orientation of ply 7, and regions without fiber waviness, keeping the
material orientation of ply 6. This occurs because the ply waviness is assumed to not fully conform
to the gap geometry. As the gaps narrow, the bent ply is assumed to eventually curve upward again,
marking the end of the waviness region. The area where this transition occurs is assumed to be close
to the middle of the gap areas.

The deformed ply geometry is assumed to be wavy, with the ply above the gap layer bending down-
wards to fill the gap, then curving upwards to exit the gap, similar to the pattern shown in Figure 6.1.
The assumption that the deformed ply fills the whole gap comes from the gap size, which is consid-
ered large enough for the adjacent ply to reach the bottom. A constant waviness angle of 10° was
assumed for the deviation between the ply centerline and the point of maximum deformation, both at
the start and end locations of the ply undulation. This assumption is based on Nguyen et al. (2019)
[27], which reported a maximum deviation of 10° in their specimens. This value was adopted in the
present thesis as a worst-case scenario. The same value for the waviness angle was used to model
fiber waviness across all plies, although in reality, this is usually not true, with different waviness levels
for different plies being observed (Figure 6.2). Note that in the absence of microscopic observations or
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more accurate methods to determine the actual level of waviness in the laminate, such assumptions
are necessary to assess the impact of ply undulation at a basic level. Nevertheless, as this is a proof
of concept, these assumptions were considered sufficient for an initial assessment.

~Nalmax,

Figure 6.2: Schematic of measurement of different ply waviness angles in different plies [27]

Figures 6.4, 6.5 and 6.6 present the details of the modelling of fiber waviness in the (semi-)biaxial
cases, in terms of geometry. Important distinctions in the assumed geometry of the fiber waviness
are made between the uniaxial and the biaxial and semi-biaxial specimens. In the uniaxial specimen,
because plies 5 and 6 are off-axis, oriented at -40° and +40° respectively, the way the waviness is
modelled follows the orientation of these plies. For example, for the waviness in modified ply 4, as
can be seen in Figures 6.3, the partitions for the wavy areas and the resin pockets are made along a
line inclined at 40° counterclockwise with respect to the y- (horizontal) axis, corresponding to the -40°
orientation shown in Figure 4.4. Note that in Figure 6.3, the purple areas represent the portion of ply
5 bending into the gap, while the yellow areas indicate the resin pockets. The sides of the triangular-
shaped gap area feature slightly darker yellow strips, indicating resin pockets beneath the bent portion
of ply 5. The purple color there is set to be slightly transparent to reveal these resin pockets.

Ply 4

Part of ply 5 (-40°)
that bends into
the gap

Resin pockets

Figure 6.3: Schematic of modified ply 4 (zoomed in gap area). The purple areas mark fiber waviness from the ply above (ply 5
at -40°), while the yellow areas are resin pockets.
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Figure 6.4: View of one of the gap areas in modified ply 4. The purple section marks fiber waviness from the ply above (ply 5
at -40°), while the yellow sections are resin pockets.

Figure 6.5: Zoomed in view of one of the gap areas in modified ply 4 (back). The purple section marks fiber waviness from the
ply above (ply 5 at -40°), while the yellow sections are resin pockets.

Figure 6.6: Back view of one of the gap areas in modified ply 4. The purple section marks fiber waviness from the ply above
(ply 5 at -40°), while the yellow sections are resin pockets.

The assumptions about the post-cured geometry of the laminate are made after considering the
process of creating the different layers using AFP. As mentioned, the first three plies are laid down flat,
with no deformation. After that, the gap layer is created, following the process described in Chapter 4.
This leaves three gaps, which initially are basically empty regions, with no material. When the next ply
is to be laid down (ply 4 at -40°), it is obvious that the AFP process will place the tows in the respective
orientation, but when they encounter the gaps, the tows will be deformed downwards. Because the
gap size is sufficient, it is believed that the waviness will be such that the tows of ply 5 will eventually
cover the whole gap and will touch the top surface of ply 3, effectively becoming part of ply 4. After
covering most of the gap width, the tows are assumed to deform upward, exiting the gap and continuing
placement on the top surface of ply 4 to cover ply 5.

It is evident from the laying process that was described above, as well as from Figures 6.4, 6.5 and
6.6 that the empty areas that are left when laying down ply 4 will become much smaller than those in
the original, simpler gap model. These areas are empty during layup (essentially being voids), but will
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be filled with neat resin, due to resin percolation during curing. It is also possible that a certain portion
of these regions are filled with resin mixed with some fibers that squeeze in the gap (resin squeeze
flow, see [40] and [42]), but in this modelling process only pure resin percolation is taken into account.

The same method is followed for modelling the fiber waviness in the modified ply 5, but this time
the relevant partitions are made along a line at 40° clockwise with respect to the horizontal (y-) axis,
corresponding to the +40° orientation. The main difference is that no resin pockets are modeled, as ply
5 is not the gap layer. Instead, areas that would be resin pockets in modified ply 4 remain part of ply
5 and are marked in grey. Thus, only the bent portion of ply 6, basically following the waviness of the
layer below is modelled (Figure 6.7, marked in purple). The details of the geometry are the same as
in the modified ply 4. Note that in Figure 6.7, some areas with the orientation of ply 5 next to the fiber
waviness regions are covered by the bent portion of ply 6, and are not clearly visible. For clarification,
refer to Figures 6.4, 6.5 and 6.6, which show details of modified ply 4, but a similar view holds for

modified ply 5 as well.
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Figure 6.7: Schematic of modified ply 5 (gap area). The purple areas denote fiber waviness from the ply above (ply 6 at +40°),
while the grey areas are all part of nominal ply 5 (-40°).

The modelling of fiber waviness for the modified ply 6 is slightly different than previously. Ply 7,
which partially bends downward into the gap areas, is oriented at 0°. This could affect the post-cured
geometry of the laminate in these areas, leading to slightly different geometry partitions in the model,
as can be seen in Figure 6.8. Essentially, while in the cases of modified plies 4 and 5 the waviness was
modelled in the -40° or +40° directions respectively, in this case it will be modelled in the 0° direction.
A clearer view is presented in Figures 6.9, 6.10 and 6.11 Note that again, the purple section marks the
part of bent ply 7 (0°), while the grey sections mark the parts of the nominal ply 6 (+40°). Note that
some areas with the orientation of ply 6 next to the fiber waviness regions are covered by the bent
portion of ply 7, but are more clearly visible in figures 6.10 and 6.11. These figures present clearly the
transition areas between the nominal ply 6 and the part of ply 7 that bends downwards, following the
same motion as the adjacent plies.
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Ply 6
Part of ply 7 (0°)
that bends into the
gap
Parts of ply 6
(+40°) next to

fiber waviness

Figure 6.8: Schematic of modified ply 6 (zoomed in fiber waviness area). The purple regions denote fiber waviness from the
ply above (ply 7 at 0°), while the grey areas are all part of nominal ply 6 (+40°).

Figure 6.9: View of one of the areas containing fiber waviness in modified ply 6. The purple section marks fiber waviness from
the ply above (ply 7 at 0°), while the grey sections are all part of nominal ply 6 (+40°).
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Figure 6.10: Zoomed in view of one of fiber waviness areas in modified ply 6 (back). The purple section marks fiber waviness
from the ply above (ply 7 at 0°), while the grey sections are all part of nominal ply 6 (+40°).

Figure 6.11: Zoomed in view of one of fiber waviness areas in modified ply 6 (middle). The purple section marks fiber
waviness from the ply above (ply 7 at 0°), while the grey sections are all part of nominal ply 6 (+40°).

As previously mentioned, plies 4, 5, and 6 in the uniaxial tensile specimen were modified to model
fiber waviness, while plies 1-3 and 7 remained unchanged. For ply 7, this results in regions where
the local thickness is double the nominal value. This occurs because the unmodified ply 7 remains a
rectangular plate with a thickness of 0.13 mm, but sections of the gap areas in modified ply 6 (marked
in purple in Figure 6.8) are also considered as parts of ply 7, increasing its total thickness. This simpli-
fication was made for a quicker analysis, but in reality, ply 7 is also expected to exhibit some degree of
out-of-plane waviness, especially if the curing is carried out without the use of caul plates, as demon-
strated by Li et al. (2015) [16].

Apart from the uniaxial tensile specimen, a similar approach for modelling the fiber waviness was
followed for the biaxial and semi-biaxial tensile specimens as well. The same process was applied
to both cruciform-shaped specimens, as a single model was used for both, differing only in boundary
conditions. Therefore, references to the biaxial tensile specimen also include the semi-biaxial specimen
in the modeling process description of this section. The results will be presented later separately, as
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was done in Chapter 5.

One major distinction of the updated biaxial tensile specimen model compared to the uniaxial one
was that ply 5 was not modified. This choice was made to gain time during the generation of the model,
since plies 5 and 6 are both oriented at 90°. Therefore, it is obvious that using the same method as
before, the nominal part of the ply would be at 90°, matching the orientation of the bent portion of
the adjacent ply (ply 6), resulting in no change in material orientation. Hence, in the biaxial tensile
specimen, only plies 4 and 6 were modified, in a similar fashion as described above.

Specifically, for ply 4, once more the gap areas were partitioned into two different sections: the bent
part of the adjacent ply (ply 5 at 90°) which fills the gap and the resin pockets. These two areas are
again marked with purple and yellow respectively in Figure 6.12. As the ply above ply 4 is oriented at
90°, its tows are expected to bend downward upon reaching the edge of the gap and bend upward again
when exiting the gap. This forms the characteristic resin pockets along the edges of the gap, which
merge with the larger resin pocket extending from the middle of the gap to the tip. The assumption
about the resin pocket in the narrower part of the gap is based on the gap’s geometry. From the middle
to the tip, the gap becomes too narrow for the adjacent ply to bend and fill it, leaving space for the resin
pocket.

Figure 6.12: Schematic of modified ply 4 (zoomed in gap area). The purple areas denote fiber waviness from the ply above
(ply 5 at 90°), while the yellow regions are resin pockets.

The same areas in modified ply 6 were divided into regions using the same geometry as in modified
ply 4. Although the adjacent ply (ply 7) is oriented at 0°, meaning the fiber waviness geometry should
match that of uniaxial tensile specimen’s modified ply 6, the method from biaxial tensile specimen’s
modified ply 4 was used for quicker model setup and analysis. This is a major simplification, since it
accounts for waviness perpendicular to the orientation of ply 7 but ignores the 0° waviness likely present
near the bottom edge and middle of the gap. In any case, some degree of waviness is still modeled
using this method, and due to time constraints, it was deemed sufficient for drawing initial conclusions.
Note that this setup serves as a proof of concept, with a more realistic geometry replication requiring
analytical microscopic observations. Figure 6.13 depicts the modified ply 6, with the purple areas again
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being the parts of ply 7 that follow the out-of-plane deformation of the plies below, and the rest being
parts of nominal ply 6.

Figure 6.13: Schematic of modified ply 6 (zoomed in fiber waviness area). The purple areas denote fiber waviness from the ply
above (ply 7 at 0°), while the grey areas are all part of nominal ply 6 (90°).

6.2. Results

In this section, the results from the FE models of the uniaxial, biaxial and semi-biaxial tensile speci-
mens incorporating fiber waviness will be presented, along with a discussion and comparison with the
respective results found in Chapter 5.

6.2.1. Uniaxial tensile specimen

For the uniaxial tensile specimen, after recreating the geometry and assigning the correct material
properties in the gap areas of each ply to represent the fiber waviness (as described above), the same
process was followed for simulating the tensile experiment. A tensile force of 10 kN was again applied
on the right edge of the specimen, which is allowed to move only in the direction of the force, while the
left edge was fixed.

In terms of results, first of all the specimen once more failed directly above the gap layer. An im-
portant distinction is made in this case regarding the failure location, as the simpler uniaxial specimen
without any level of fiber waviness failed at plies 3 and 5 almost simultaneously (with ply 3 being under-
neath the gap layer). This leads to the conclusion that fiber waviness plays indeed a major role in the
specimen failure, as now the ply below the gap layer does not fail at the same time as the ply above it.
The exact location is directly above the gaps, again towards the wider end of the gaps, although this
time closer to the edge. This is the area where fiber waviness is assumed, with ply 5 adopting the +40°
material orientation of ply 6 above it. Essentially, this location is the part of ply 6 (+40°), which bends
into the gap.

Numerically, taking into account the Hashin criterion, it was estimated that the failure mode now
changed to tensile matrix failure, from tensile fiber failure being the respective failure mode in the
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simpler model without fiber waviness. The Failure Index in this case was equal to 1.54 in the failure
100

location, leading to a FPF tensile load of: F' = 7, ~ 65 kN, which is almost 55 % lower than the
respective FPF tensile load of the baseline (or 42.8% lower than the respective FPF tensile load of the
simplified gap specimen model presented in Chapter 5). A much larger tensile strength reduction is
noted this time, compared to the one when the model did not account for fiber waviness. The exact
level of tensile strength knockdown needs to be reviewed, as such a high increase when implementing
fiber waviness at just a first level is considered somewhat unrealistic.

If the relevant mathematical expression is examined again (Equation 5.6), the role of the transverse
and shear stress components is evident. The out-of-plane normal stress component o33 is almost
negligible in the failure location, while in the same location the transverse stress o2 has a value (35
MPa) slightly lower than half of the total tensile strength of the material in the direction perpendicular
to the fibers (81 MPa). Shear in all directions has a major influence in the failure of the specimen,
especially in-plane shear 715, as before. However, in contrast with the simple case that did not account
for fiber waviness, in this model relatively high out-of-plane shear stresses are observed as well. The
distribution of all shear stress components in the failure locations is presented in Figures 6.14 and 6.15.
Note that in some cases the peak stresses have negative values (and thus are marked in blue instead
of red), however they always occur in the predicted failure location (right above the gaps, very close to
the gaps’ wider edge).

To sum up this discussion regarding the uniaxial tensile gap specimen, after making a first attempt
to model the fiber waviness that would exist in the actual laminate after curing, it was found that the
failure location is almost in exact agreement with the simpler model. Specifically, the areas that failed
first were exactly above the gaps, very close to the gaps wider end. However, this area in the simpler
model (discussed in Chapter 5), corresponds to the flat ply 5 (-40°), and is exactly above a resin pocket,
while in the updated model, it corresponds to the part of ply 6 (+40°) that has bent into the gap. In
terms of tensile strength knockdown, a much larger deviation from the baseline was found compared
to the simple model, something that proves the negative impact of the waviness combined with the
(smaller) resin pockets, as opposed to when the resin pockets were much larger, but waviness was
non-existent. The actual level of strength knockdown is worth further investigation, since a knockdown
this large (55% contrary to 21.6 % without accounting for waviness) is excessive and contradictory of
the literature results.
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Figure 6.14: Distribution of 712 (left), 723 (middle) and ;3 (right) in the failure location, area above gaps, for uniaxial tensile
gap specimen containing fiber waviness. Calculated for tensile force = 100 kN.
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Figure 6.15: Distribution of 15 (left), 23 (middle) and 713 (right) in the failure location, zoomed-in area above top gap, for
uniaxial tensile gap specimen containing fiber waviness. Calculated for tensile force = 100 kN.

6.2.2. Biaxial tensile specimen

Regarding the biaxial tensile specimen, the same process for the FE analysis was repeated, but this
time the model included fiber waviness. A displacement-controlled tensile loading was applied on the
edges of the four arms of the specimen; pulling it in x- and y- directions by 1 mm, simulating a pure
biaxial loading case.

The results showed that the applied displacements induced the following reaction forces on the
specimen: F, = 95.9 kN and F, = 120.2 kN. The Hashin failure criterion evaluated a maximum F.I. =
2.45, indicating again a tensile matrix failure. Therefore, dividing the reaction forces with the calculated
maximum failure index gives the estimated FPF loads in x- and y- direction: F, = 39.1 kN and F, =
49.06 kN. The failure load is again higher in y- direction, which makes sense because in total more plies
are oriented in this (0°) direction (3 in the CFRP laminate + 2 GFRP plates attached on the outside).
These failure loads are 22.1% and 20.6% lower than the respective FPF loads of the baseline in x-
and y- direction presented in Chapter 5. As was done before, to simplify, the strength knockdown is
represented by the average of the two reductions, calculated at 21.4%. This strength knockdowns is
slightly higher than the one estimated without modelling fiber waviness (which was 16%), meaning that
oversimplifying the geometry of the gap areas might cause the analysis to underestimate the impact of
the gaps slightly.

It was observed that ply 6 (oriented at 90°) failed first, soon followed by ply 5 (also oriented at 90°)
with their respective maximum failure indexes being very close (2.45 for ply 6 and 2.4 for ply 5). Note
that, as explained above, a ply here refers to the nominal part of the ply combined with the bent portion
of the adjacent ply, which bends into the gap or moves in a similar motion, as the plies above the gap
bend together. The exact location of failure this time changed slightly, moving from the areas above the
wider end of the gaps to the areas in the middle of the gaps. This location essentially corresponds to the
location where the waviness of the ply above ends. For ply 5, this is just the location where the nominal
ply 5 encounters the bent ply 6 (they are both oriented at 90°), but for ply 6, this is the location where
the nominal ply 6 meets the bent part of the adjacent ply 7, resulting in an abrupt stiffness change, as
the material orientation switches from 90° to 0°. This could be the reason why ply 6 fails first, as the
different oriented plies might be causing a more severe transverse stress concentration that the ones
that are aligned.

These observations showcase that even at this first, quite simplified attempt, fiber waviness does
play a major role in the final failure of the laminate. In contrast with the uniaxial tensile specimen, where
shear is the most important stress component, the transverse normal stress 025 now seems to be the
dominant factor for failure, as its value surpasses the relevant strength by a great margin; it reaches
120 MPa, whereas the strength is only 81 MPa (Figures 6.16 and 6.17). The tensile matrix failure
mode in the Hashin criterion, as can be seen in Equation 5.3, is also dependent on the shear stresses,
however their values are either zero (for 715 and 713) or under 10% of the total strength Sy5 = 95
MPa for 53 =~ 7.5 MPa. This leads to the conclusion that, similar to the gap specimen in Section 5.2,
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the laminate fails due to excessive transverse stress at the transition area between a bent ply and the
adjacent straight ply. The distribution of o1, in ply 6 is also presented in Figure 6.18. This time, contrary
to what was presented in Figure 5.14, the magnitude of the normal stress component is much larger,
reaching a value of around 1250 MPa in the failure areas. Still, this is quite lower than the material’s
tensile strength (2207 MPa), resulting in a FI for tensile fiber failure that is lower than the respective for
tensile matrix failure in the Hashin criterion calculations.
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Figure 6.16: Distribution of o2 in ply 6 of gap specimen (including fiber waviness) for a biaxial tensile displacement of 1 mm
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Figure 6.18: Distribution of 011 in ply 6 of gap specimen (including fiber waviness) for a biaxial tensile displacement of 1 mm

6.2.3. Semi-biaxial tensile specimen

The FEA for the semi-biaxial tensile specimen was based on the same model created for the biaxial
tensile one, changing again only the boundary conditions. For the relevant boundary conditions of this
case (analyzed before), the analysis predicted once more a failure of plies 5 and 6 first, in the same
way as in the pure biaxial tensile specimen. Tensile matrix failure was the estimated failure mode,



6.2. Results 82

with the Hashin criterion calculating a maximum F.I. = 1.9, and the reaction forces were predicted to
be F, = 9 kN and F, = 111.2 kN. Therefore, the estimated FPF loads are: F, = 1% = 4.7 kN and
F, = 112 — 585 kN. These loads are 30.9% and 24.8% lower than the respective FPF loads of the

semi-bilei?(ial tensile baseline specimen. Again for simplicity, a single value for the strength knockdown
will be used, calculated as the average of the two reductions, resulting in 27.9%. This strength reduction
exceeds the 18.8% reduction observed in the simpler model without fiber waviness, highlighting once
more the significant impact of fiber waviness on performance.

In terms of failure, the same observations as in the biaxial tensile specimen hold here as well. Failure
again occurs first in ply 6, with ply 5 following shortly after. The locations of failure are above the center
of the gaps, in the respective area where fiber waviness of the adjacent ply ends. As mentioned above,
this is the area where the material orientation changes from 0° to 90° for ply 6, as the bent part of
ply 7 (0°), encounters the nominal, non-bent part of ply 6 (90°), resulting in a sudden stiffness change.
Peaks of transverse stress are observed in these areas (especially in the center above the middle gap),
exceeding again the relevant transverse strength. The o4, distribution in ply 6 can be seen in Figures
6.19 and 6.20. Note that the areas where fiber waviness is modelled (which are considered parts of ply
7 (0°) that is bent downwards) have much lower transverse stresses than in the case of the pure biaxial
specimen (=~ 20 MPa contrary to ~ 85 MPa). This is due to the nature of the loading; in the semi-biaxial
tensile specimen the displacement-controlled loading acts only in the y- direction (0°), which is aligned
with the material orientation in the area where ply 7 is deformed, meaning the fibers in this area can
take up the loading effectively. However, in front of the middle of the gap areas, where fiber waviness
ends and the material orientation is again 90° (nominal orientation of ply 6), the plies are perpendicular
to the loading, creating thus transverse stress concentrations that ultimately lead to failure.

The o4 distribution in ply 6 can also be seen in Figures 6.21 and 6.22. Figure 6.22 is essentialy
the same as Figure 6.21, but without showing the bent parts of ply 7 (0°), in order to reveal the stress
distribution in the nominal ply 6 (not containing waviness). It is observed that, although in most of the
ply area the normal stress is very low in magnitude, the areas featuring fiber waviness show a large
stress rise which reaches up to 1400 MPa. This is still lower than the tensile strength of the material,
hence why the laminate still fails in the tensile matrix mode. An explanation for the large difference in
o11 magnitudes can be given if the fiber orientations are taking into account; the areas in blue colour in
Figure 6.21 belong to the nominal ply 6, which is oriented in 90°. However in the semi-biaxial case, the
displacement-controlled load is applied in the 0° direction (y- axis), therefore perpendicular to the ply
orientation. Hence, these areas cannot withstand almost any of the load. On the other hand, the areas
marked in orange/red in 6.21 belong to ply 7, which at this location is bending downwards, following the
movement of the plies beneath. Ply 7 is at the same orientation as the displacement-controlled load,
thus being able to carry much more load.
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Figure 6.19: Distribution of o2 in ply 6 of gap specimen (including fiber waviness) for a semi-biaxial tensile displacement of 1
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Figure 6.20: Distribution of o2 in ply 6 of gap specimen (including fiber waviness) for a semi-biaxial tensile displacement of 1
mm (zoom)
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Figure 6.21: Distribution of o1 in ply 6 of gap specimen (including fiber waviness) for a semi-biaxial tensile displacement of 1
mm
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Figure 6.22: Distribution of 011 in ply 6 of gap specimen (not including fiber waviness) for a semi-biaxial tensile displacement
of 1 mm

6.3. Limitations of the models

The analysis presented above proved that fiber waviness within the laminates, caused by tow-drop
gaps, can significantly reduce their tensile strength, by inducing severe stress concentrations, espe-
cially in the transition regions between plies with different material orientations. The tensile strength
reduction was estimated to be greater in all cases (uniaxial, biaxial, and semi-biaxial tension) when
fiber waviness was taken into account compared to when it was not. However, the exact extent of
the strength reduction remains uncertain for the specimens presented in this thesis, due to significant
assumptions and simplifications that introduce limitations in the FE models.
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First of all, a key simplification involved the geometry of the fiber undulation itself. A constant
maximum waviness angle of 10° was assumed and applied in all plies containing some sort of fiber
waviness. This is of course not realistic, as different plies are expected to exhibit different levels of
undulation. However, this choice was made based on observed data in literature (Nguyen et al. (2019)
[27]), as the actual waviness angle was still unknown, since no microscopy examination of the laminate
was performed. Also, the fiber undulation was assumed to terminate approximately at the midpoint of
the gap areas, or in the corresponding regions above the gaps in the plies located above the gap layer.
This assumption was based on the fact that as the tow-drop gaps narrow near their tips, there is thought
to be insufficient space for the plies to bend into the gaps. Of course, this assumption is reasonable,
however the exact location where this occurs should be determined in a future study aiming to validate
the models, using optical microscopy.

In addition, fiber waviness was generally not modeled along the longitudinal direction of the gaps,
except for modified ply 6 of the uniaxial tensile specimen, where however no waviness was modelled in
the lateral direction. This decision was due to the complicated geometry of such features, which often
caused meshing failures. Clearly, replicating the exact geometry of waviness in both longitudinal and
lateral directions would create highly complex curvatures in certain areas, such as the wide edge of the
gaps, making meshing extremely challenging. Efforts to resolve this required a great mesh refinement,
significantly increasing computational time due to very small elements, and often leading to analysis
crashes. Therefore, the waviness should be sufficiently simplified, with each ply considering it in only
one direction. While this simplification reduced the model’s fidelity in capturing the actual conditions,
it was considered necessary to ensure the feasibility of the simulations within the available time and
using the available resources.

Apart from the above, two additional simplifications were made: fiber waviness was not modeled
in ply 5 of the biaxial and semi-biaxial specimens, and ply 7 was modeled flat and at full thickness,
resulting in ply 7 locally exhibiting double thickness. The former choice was made because, despite
the waviness, both the wavy and non-wavy regions shared the same material orientation and were
thus treated as a single ply. The latter choice was made because for a quicker model setup, however
it could be considered valid to a certain point, as in laminates cured with the help of a caul plate, the
bottom and top plies can indeed be flat, as was demonstrated by Li et al. (2015) [16]. In Figure 6.23
a cut section of their FE model produced using a caul plate can be seen. Note how both the top and
bottom plies are flat, and the level of fiber waviness inside the laminate is quite high across all plies.
This shows how complicated it really is to make a fully accurate model of a laminate containing gaps,
with an implemented extensive fiber waviness, justifying to some extent the simplifications made in the
context of this thesis.

Figure 6.23: Schematic of cut section of FE model for laminate produced with hard tooling (caul plate) [16]

Lastly, another key limitation of the current models is that they focus solely on First Ply Failure
(FPF), without incorporating Progressive Damage Analysis (PDA). The current model can determine
the onset of damage (the instance of First Ply Failure), but it does not capture the specimen’s maximum
load capacity, which is more easily measured experimentally and reflects its residual strength. In reality,
the specimens would probably be able to withstand higher loads than the FPF loads currently predicted,
as the material would redistribute stresses to the undamaged plies, delaying ultimate failure. Without
PDA, the model cannot simulate this behaviour and can be seen as conservative. However, because
the same principle is applied in both baseline and gap specimens, comparisons between them to derive
strength knockdowns can be considered valid. Thus, most of the uncertainty lies in the prediction of
the actual failure load magnitude.
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6.4. Summary of results
Table 6.1 below summarizes the tensile strength knockdown values predicted in both the initial models
(without accounting for fiber waviness) and the updated models (incorporating fiber waviness).

Gab S . Knockdown - Knockdown -
ap specimen No Fiber Waviness With Fiber Waviness
Uniaxial 21.6 55
Biaxial 16 21.4
Semi-biaxial 18.8 27.9

Table 6.1: Tensile strength knockdown for different gap specimens compared to the baseline (initial and updated models).

In general, the updated (semi)-biaxial models showed a 5-10% increase in strength knockdown com-
pared to the initial models without fiber waviness. However, the uniaxial case exhibited a significantly
larger increase, raising concerns about the accuracy of these results.

In order to determine which strength knockdown values are closer to reality, the already well-
discussed studies of Falco et al. [25], [31] will be revisited. These studies investigated the impact
of tow-drop gaps in the tensile strength of laminates, under uniaxial tension using both numerical and
experimental approaches. They estimated a 12.5% strength reduction in their FE model, and a 22.1%
knockdown when performing the actual tensile test. However, one of their main simplifications in their
FE models is that they totally omitted fiber waviness inside the laminate, which in reality occurs due to
the presence of the gaps. This leads to the reasonable assumption that this omission is the primary
cause of the nearly 10% deviation observed between their simulations and experimental results. The
results of the studies from Falcé et al. are thought to be relevant to this thesis, since they cover tow-
drop gaps of similar geometry and size, even though certain parameters such as laminate layup, total
thickness and gap configuration might be slightly different.

Going back to the results of the present thesis, for the biaxial and semi-biaxial tensile specimens,
the deviation between the simpler models and the updated ones (containing fiber waviness) is below
10%. This leads to the conclusion that, based on the previous remark regarding the deviation between
simulations and experiments, it can be considered valid. However, for the uniaxial tensile specimen,
a significantly larger difference is observed between the models, with the simpler model estimating a
21.6% reduction compared to the 55% reduction predicted by the updated model. This is obviously an
unreasonable deviation, possibly due to modelling errors, extensive simplifications, or a combination
of the above. A more reasonable strength knockdown value for the uniaxial tensile specimen would
range approximately between 22% and 32%, based on the previously established reasoning. In any
case, a revision of this particular FE model is deemed necessary for accurate predictions.

In addition, Figures 6.24, 6.26 and 6.28 present in detail all the stress components values, as well
as their evolution (from baseline to updated gap specimen containing fiber waviness), for the uniaxial,
biaxial and semi-biaxial tensile specimens. These stress values were calculated for the respective
applied loading and boundary conditions, in the predicted location of failure. Note that these are not
the stresses at the instance of First Ply Failure, however the trends observed in the stress components
(increase, decrease, or negligible change) hold in general. The stress magnitudes were then divided
with their respective strengths, and the resulting percentages are presented in Figures 6.25, 6.27 and
6.29.

Itis clear that in the uniaxial tensile specimen (Figures 6.24), the highest stress in terms of magnitude
is the normal stress o1, followed by the in-plane shear stress 5. This is something that is observed
in all three models (baseline, initial gap specimen and updated gap specimen). However, as explained
previously, the in-plane shear stress (712) in every case is much closer to the respective in-plane shear
strength, which is why it is the dominant factor for failure. This can be seen in Figure 6.25, where
the percentages for 5 range from 82% of the total strength in the baseline, to 95.2% in the final gap
specimen model. What is interesting in Figure 6.24) is that in the updated models containing waviness
(grey bars), the out-of-plane shear stress components 7,3 and 713 show a quite high rise, reaching 49
MPa, while in the previous models they were either zero (baseline) or quite low (around 3.5 MPa - initial
gap specimen without fiber waviness). This means that in the updated model, the out-of-plane shear
stresses are now more than half of the respective out-of-plane shear strengths (95 MPa) - Figure 6.25.
At the same time, the in-plane shear is also higher, but the degree of increase is much lower (108.5
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MPa contrary to 104.7 MPa and 93.5 MPa in the baseline and initial gap specimen models respectively).
A large percentage increase can be observed for o495 as well, reaching in the updated model more than
40% of the total transverse strength, while in the baseline and initial gap specimen models it was
much lower and showed a descending trend. Thus, the sharp increase in the strength knockdown
(55%, whereas in the simpler model this was 21.6% ) can be attributed to this sharp increases in the
transverse and out-of-plane shear stresses. The exact reason is still unknown, but it is probably due
to the simplifications and limitations of the model discussed in Section 6.3. In any case, this needs to
be further investigated.

Figures 6.26 and 6.27 present the same stress component evolution (both in absolute magnitudes
and normalized) for the biaxial specimen. In this case, especially if one looks at Figure 6.27, it is clear
that the main responsible stress component for failure is the transverse stress (o22), which exceeds the
material’s transverse strength by a high margin. The normal stress parallel to the fiber direction (o32)
also reaches up to 40 - 43 %, while the rest of the stress components are quite low compared to their
strengths. Another remark that can be made here concerns the reasons behind the strength knockdown
increase (from 16 to 21.4 % - Table 6.1). This is probably due to the increase of the out-of-plane normal
stress (022) and the out-of-plane shear stresses (723 and 13). The percentages rise t0 9.3%, 13.7% and
4.5%, while previously they were either zero (baseline model) or quite lower (simplified gap specimen
model). This observation leads to the conclusion that fiber waviness increases the out-of-plane stress
components, something reasonable since the definition of fiber waviness in the context of this thesis is
the out-of-plane motion of a ply, which tries to fill the tow-drop gaps.

In terms of the semi-biaxial tensile specimen (Figures 6.28 and 6.29), most of the same remarks as
for the biaxial tensile case hold as well. A key difference is that the percentage of 011 with respect to
the respective strength is largely lower. This observation is logical, since as discussed, failure occurs
in modified ply 6, which is oriented in 90°, therefore perpendicularly to the applied displacement. Note
again that all the figures below (Figures 6.24 to 6.29) present data in the FPF location, thus in the
exact failure location of the first ply that fails. Lastly, m3, although being out-of-plane, does not seem to
affect the strength knockdown increase, something reasonable as it again involves direction 1, which
is parallel to the fiber direction.
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Conclusions and Recommendations

This chapter summarizes the findings of the research, addressing the main research question, as well
as the research subquestions outlined in Chapter 2. It also provides recommendations for future work
to build upon the conclusions reached in this study.

7.1. Answering the research questions
7.1.1. Subquestion 1

What is a suitable specimen design, in terms of specimen geometry and layup, gap geometry and size,
gap configuration, method of gap introduction, and type of loading, to accurately evaluate the effects
of tow-drop gaps in the composite laminate, relevant to pressure vessel applications?

As discussed, the present research focused on designing a specimen representative of the dome
area of AFP-manufactured pressure vessels which contains tow-drop gaps. This tensile specimen is
eventually (possibly in a future Master’s Thesis) planned to be manufactured and mechanically tested.
In order to do that, the specimen to be designed has to fulfill certain requirements. The design process
concluded that a cruciform-shaped specimen, subjected to biaxial tension (ideally with varying loading
ratios), best represents the geometry and loading conditions of the pressure vessel’'s dome areas, being
able to capture a large range of longitudinal-to-hoop stress ratios found in such double-curved surfaces.
However, because a biaxial tensile testing machine is currently unavailable at the DASM laboratory, an
alternative option was considered; using the same cruciform-shaped specimen in the uniaxial tensile
testing machine, pulling the specimen in one axis, while clamping it in the other. This is the so-called
"semi-biaxial”’ tensile specimen, which might not achieve a pure biaxial loading, but still enables some
level of loading in the perpendicular direction through the Poisson effect, making it suitable for initial
assessments. Apart from these two, a third option for the specimen geometry was a classic uniaxial
tensile specimen, a rectangular plate that could be more easily tested using the laboratory’s existing
universal testing machine.

The research aimed to compare the failure behaviour and tensile loads of baseline panels (without
gaps) to panels with gaps (contained in a single ply - the gap layer) for each specimen category, ad-
dressing the main research question (see Chapter 2 and also below). In terms of the specimens’ layup,
it was decided that a 7-layer laminate would be the best option in order to meet all requirements set in
Chapter 3. Fundamental differences in the laminate’s ply orientations occurred, since the uniaxial spec-
imen featured 0°, +40° and -40° plies, while the biaxial and semi-biaxial ones only 0 and 90° plies. The
respective layups for the uniaxial and (semi)biaxial specimens containing gaps were: [0/+40/-40/GAP
LAYER/-40/+40/0] and [0/90/90/GAP LAYER/90/90/0], with the gap layer always replacing a middle 0°
ply, making the laminates balanced and symmetric.

An essential part of this subquestion was related to the gap geometry and size, since it was their
impact that was desired to be evaluated. After literature review and a few rejected concepts, it was
decided that three gaps would be introduced into the gap layer, by means of steering, realigning and
dropping sets of 0° tows accordingly (see Figures 4.8 and 4.9). This would create the characteristic
triangular shape found in tow-drop gaps in the literature, resembling in a large extent to the tow-drop
gaps in the dome areas of pressure vessels. Regarding their size, the gaps’ width was one full tow
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width (6.35 mm or 1/4” for the selected prepreg material) at their base, only reducing moving closer
to their tip (as one can imagine based on their geometry). Their final length was nearly the maximum
estimated for applications relevant to this thesis - around 72 mm.

The gaps were designed to be introduced to the laminate using the AFP method to ensure they
closely represent real-world conditions. The main thesis topic after all is the impact of AFP-induced
tow-drop gaps, thus a manual introduction of gaps would deviate from the original scope. The gap
configuration, including the number and positions of gaps, was chosen arbitrarily. Three gaps were
deemed sufficient to observe clear effects, as fewer gaps might not yield accurate conclusions, while
more gaps would unnecessarily increase specimen size without providing significant additional insights.
The gaps were spaced five full tow widths apart (approximately 32 mm) to prevent stress concentration
overlap, allowing the impact of each gap to be observed separately. The same distance was kept
between the gaps edges and the laminate edges, at least in the uniaxial tensile specimen, since the
design for the biaxial one featured inherently a much larger distance. This would help minimize free-
edge effects and focus solely on the impact of the gaps themselves.

All of the above considerations address the first research subquestion, a critical aspect of the thesis,
as an appropriate specimen design is essential for accurately evaluating the impact of these manufac-
turing defects.

7.1.2. Subquestion 2
How does the implementation of the cured geometry of the laminate (including fiber waviness and resin-
rich areas) affect the results about tensile strength, as well as the failure modes predicted initially?

The answer to this subquestion came from the analysis presented in Chapter 6. Although several
assumptions and simplifications were made, it was eventually concluded that implementing a more
accurate representation of the cured geometry of the laminate containing gaps - especially in the form
of fiber waviness - further increases the detrimental impact of these gaps on the laminate’s tensile
strength, though the extent of this effect remains uncertain. Nonetheless, this consideration brought
the analysis closer to estimating the true impact of tow-drop gaps and highlighted the importance of
incorporating this aspect into FE analyses of such laminates.

The failure behaviour of models with fiber waviness had minor differences from the ones without
it for the (semi)biaxial specimens. These deviations concerned the specific ply that failed first and a
slight shift in the failure location from above the gaps’ wider edges to above their centers. A significant
difference between the two model types was observed when the failure mode of the uniaxial tensile
specimen shifted from tensile fiber failure (in the simple model) to tensile matrix failure (in the updated
model containing fiber waviness). This difference may be attributed to the quite small difference in
estimated failure modes for this specimen, based on Failure Indexes in the Hashin criterion, making
it unclear which mode would occur first. A possible solution to this issue could be to slightly reduce
the orientation angle of the off-axis plies, such as changing them from +40° to £35° or £30°. Keeping
always in mind that reducing the off-axis ply angle closer to 0° increases the tensile failure load (which
must stay well below the laboratory testing machine’s 250 kN capacity), this adjustment would provide a
clearer understanding of the specimen’s actual failure mode. This observation happened a bit late in the
research and design process, not allowing for a change in the specimen layup due to time constraints.

To conclude the answer to subquestion 2, incorporating fiber waviness into the models resulted in a
greater estimated strength reduction compared to simpler models, although the exact extent is unclear.
It also slightly influenced predictions of failure behaviour and location, showing that even a simplified
approach to modelling fiber undulation can improve analysis accuracy.

7.1.3. Main research question

How do gaps resulting from tow drops during the Automated Fiber Placement (AFP) process, and
which are isolated from free-edge effects affect the tensile strength (in terms of First-Ply Failure) of a
composite laminate?

In conclusion, the main research question of this thesis can be addressed: the gap specimens dis-
cussed in the previous chapters generally showed a reduction in tensile strength compared to baseline
panels without gaps. The extent of this reduction is up for debate; simple FE models, not accounting
for the actual geometry of the laminate after curing exhibited reductions of 21.6%, 16% and 18.8% for
the uniaxial, biaxial and semi-biaxial tensile specimens respectively. However, the updated models
of the same specimens, which implemented the cured geometry of the laminates in the form of fiber
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waviness (even if it was at just a basic level), estimated higher tensile strength knockdowns, at 55%,
21.4% and 27.9%. The out-of-plane stresses, o33, 723, and 73, were identified as the primary contribu-
tors to the observed increases. Although initially negligible, these stresses significantly increased after
incorporating fiber waviness. This outcome aligns with the nature of fiber waviness (the out-of-plane
motion of plies), which induces out-of-plane stress concentrations.

The strength knockdown increases for the (semi-)biaxial cases align with the findings of Falcé et
al. (2017) [31], who observed a similar trend in their FE models and experimental results for laminates
with tow-drop gaps. Their omission of fiber waviness in simulations likely caused a 10% deviation
from experimental data, supporting the validity of the updated biaxial models in this thesis. However,
for the uniaxial tensile specimen, the updated model in the present thesis predicts a 55% strength
reduction compared to 21.6% from the simpler model, an unreasonably large deviation likely caused
by modelling errors or excessive simplifications. A more realistic strength knockdown for the uniaxial
case is estimated between 22% and 32%, making a revision of the FE model for accurate predictions
necessary.

7.2. Recommendations for future work

Several recommendations can be given for the future, in order to build upon the findings of this thesis
and produce more concrete answers regarding the impact of AFP-induced manufacturing defects.

First, it is recommended to manufacture the discussed specimens of this thesis and perform the
relevant tensile tests. The priority in manufacturing and testing should focus on the biaxial specimen if
the appropriate biaxial testing machine becomes available. However, if this is not the case, the semi-
biaxial tensile specimens should be manufactured and tested on the already available equipment. If this
is not feasible either, the uniaxial tensile specimen should still be a good alternative. The experimental
testing of the specimens will provide critical data on tensile strength and failure behaviour.

Additionally, another set of specimens, separate from those used for tensile tests, should be man-
ufactured. These specimens would be smaller than the previous, essentially only including the gauge
area (where the gaps are located) and would be intended for sectioning and optical microscopy. This
analysis will estimate the level of fiber waviness in and around gap areas, offering detailed insights
into local geometric distortions. Based on these observations, the FE models should be updated for
a more realistic representation of fiber waviness. Apart from geometric modifications, the FE models
could also be expanded to account for progressive damage analysis, since so far they only estimate the
tensile strength of the laminates on a First Ply Failure basis. Comparing the results of these enhanced
models with experimental data will help improve the accuracy of predictions related to the impact of the
tow-drop gaps on the tensile strength of the laminates.

Moreover, once a high-fidelity FE model incorporating tow-drop gaps is achieved, expanding the
scope to include tow-drop overlaps becomes essential. This could involve adding overlaps to alaminate
already containing gaps to predict the combined effect of these defects or exclusively focusing on
overlaps by replacing all gaps with overlaps and modifying the geometry of the laminate accordingly.
The latter approach appears more promising, given the significant uncertainty in the current literature
regarding the impact of overlaps. Such studies would provide a clearer understanding of how overlaps
influence structural performance.

Itwas discussed in Chapter 1 that this thesis was carried out in collaboration with Airborne Aerospace,
therefore the company’s more practical interests should be addressed as well. Since a CFRP pressure
vessel was already manufactured by Airborne (at the stage of a demonstrator), it is reasonable that a val-
idation of the models presented in this thesis using the actual manufactured vessel could be achieved.
This could be done via physical testing of the demonstrator, with pressure and burst tests providing
valuable insights about the vessel’s behaviour and ultimate failure strength. Note that a burst test is
essentially a pressure test until catastrophic failure of the structure.

Before conducting the relevant mechanical testing, non-destructive testing (NDT) techniques such
as Ultrasonic Testing (UT) or X-Ray Computer Tomography (CT) could be used to evaluate the actual
percentage of gap in the dome areas of the pressure vessel, as well as the cured geometry of the
structure. This information could then be used to refine the FE models presented in this research,
or create new, more detailed models. Parametric models could also be generated, allowing for the
systematic evaluation of how variations in gap size, distribution, and geometry, but also variations in
the vessel’s layup could influence the structural performance. Ultimately, the above proposals could
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lead to the development of standardized guidelines and best practices for designing and manufacturing
AFP-produced pressure vessels, while taking into account the presence of AFP-induced manufacturing
defects.

Lastly, an additional interesting research possibility stems from the positive impact of polyetherimide
(PEI) on the fracture toughness of thermoset based composite structures, as demonstrated by the
study of Farooq et al. (2023) [72]. Polyetherimide is an advanced high performance thermoplastic
that possesses exceptional thermal and chemical properties, along with high tensile strength [73]. It is
available in various forms, especially as a film [74], as a powder [75], and even as a 3D printed part
[76]. It can be assumed that if inserted in a composite laminate that contains gaps, PEI can dissolve
into the resin that fills the gaps and increase the overall fracture toughness of the laminate, mitigating
in this way the negative effects of gaps (Figure 7.1). This is a hypothesis worth investigating, probably
in a future thesis. In this scope, three sets of samples could be manufactured and mechanically tested;
one without defects, one containing tow-drop gaps (as the ones suggested in this thesis) and a third
one containing tow-drop gaps and including PEI. If the hypothesis proves correct, it could lead to the
development of a standardized method for mitigating the impact of gaps, providing significant value to
the industry, including Airborne.
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Figure 7.1: Schematic representation of PEI effect on tow-drop gaps [77]
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