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Abstract

The move from thermoset-based materials to thermoplastic-based materials represents
a significant change in the development of composite materials in the aerospace industry.
Therefore, understanding the damage behaviour of these materials is essential to ensure
their reliable performance and durability. Transverse cracking in multidirectional com-
posite laminates under tensile loading is typically the first failure mechanism observed
and its study has great importance for predicting laminate failure. Thus, the study of
the onset and propagation of transverse cracking para thermoplastic and thermoset-based
composites is presented in this work, with emphasis on the effect of the transverse ply
thickness.

To achieve this goal, experimental analysis of two thermoplastic and two thermosets
under tensile loading was carried out to capture the evolution of crack propagation through
in-situ imaging. Additionally, analysis of the images obtained through in-situ synchrotron
radiation computer tomography testing was performed for one of the thermoplastic mate-
rials, enabling more detailed information on internal damage through volumetric analysis.
Regarding the difference between the two types of materials, the higher toughness of the
thermoplastic matrix resulted in a less pronounced influence of the transverse ply thickness

effect on the obtained results. Additionally, it led to a slower formation of cracks.

Through the analysis of in-situ synchrotron radiation computer tomography images,
the determination of volumetric damage percentage was obtained, revealing an increase
in damage with increasing transverse ply thickness. The propagation of transverse cracks
within the material is not uniform, and therefore, the analysis of transverse damage at
the material’s edge may not fully correspond to what is observed internally, leading to
potential overestimation. With the increase in ply thickness, a more uniform distribution
of cracks in the thickness direction and within the material’s interior is observed.

Keywords: Composite materials, Transverse Matrix Cracking, Ply Thickness, Ther-
moplastic Composites, Thermoset Composites, Mechanical Testing, Synchrotron Radia-
tion Computed Tomography Analysis.
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Chapter 1

Introduction

The aeronautical industry, driven by the pursuit of competitive solutions to thrive in
such an ever-evolving field, constantly searches for greater efficiency and innovative solu-
tions for their products. In this context, process optimization, cost and weight reduction,
e.g. through the development of advanced materials, are critical factors for the success of
the industry. Composite materials have been studied over the last few years for this pur-
pose due to their high specific strength, excellent mechanical properties, and tailorability

.

Composite materials were first used in some elements of military aircraft in the 1960s
and in commercial aircraft in the 1970s. Over the years and development of these materials
grew and they are now used in both secondary and primary aircraft structures. Most recent
aircraft designs already feature a large number of composite material structures, including
wing panels and fuselage, which represent approximately 50 % of the overall structural

weight.

Thermoset composites have been the primary choice for the early development of com-
posite structures. However, parallel to improve efficiency through the use and development
of improved manufacturing processes and design techniques, sustainability has become a
major priority of the transportation industries. For this reason, during the 2010s, one of
the most significant developments has been the development of thermoplastic-based com-
posites and the development of manufacturing processes compatible with these materials.
These materials have emerged as a more compelling alternative to traditional thermoset
polymers, as high-performance thermoplastic resins, besides comparable performance to
the thermoset resins, offer higher toughness, near-infinite shelf life (leading to significant
reductions in manufacturing costs when compared to thermoset composites which have to
be stored at very low temperatures [2, 3]), recyclability opportunities, and the possibil-
ity of using joining and manufacturing techniques more compatible with large production
rates as thermoforming and welding (as thermoplastic polymers can be softened by heat,
melted, and reshaped repeatedly as desired).

Composites are heterogeneous and non-isotropic materials with complex failure mech-
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anisms due to the different properties of the constituents, the different fibre orientations
and stacking sequences and the specific response to different types of loading. The most
common damage mechanisms in composites are matrix cracking, fibre fracture and de-
lamination. Due to the complexity of the composite structure, damage initiation is often
not detectable at the visible surface of the structure, making it critical to understand the
influence of each of the different mechanisms on the ultimate failure of the material. The
first failure mode is usually the initiation of micro-cracks in the matrix through the thick-
ness of the laminate, resulting in a decrease in the material’s toughness and consequently
leading to the loss of its structural integrity even before the onset of fibre breakage.

Understanding the failure mechanisms and damage behaviour of composite materials
is fundamental to ensure their reliable functionality and durability in various applica-
tions, such as aeronautics, where composite materials are currently widely used and the
repercussions of structural failure can be catastrophic. The initiation and propagation
of transverse cracking, which can occur due to various loading scenarios, is one of the
most prevalent failure mechanisms in composite materials and has been thoroughly anal-
ysed in the context of thermosetting composites. However, due to the increasing use
of thermoplastic-based composites in aeronautic applications, it has become increasingly
imperative to examine the initiation and propagation of transverse cracking in these ma-
terials as well. A proper understanding of the failure mechanisms of thermoplastic-based
composites is critical for their efficient and safe use. In this study, the author aims to
contribute to the understanding of the failure mechanisms of thermoplastic composites,

focusing on matrix cracking under tensile loads.

1.1 Objectives

The main aim of this dissertation is to study the effect of ply thickness on the initiation
and propagation of transverse cracking in thermoplastic and thermosetting polymer matrix
composite materials. In this way, the analysis of the behaviour of cross-ply laminates under
tension is done allowing the study and comparison of the behaviour of both materials, in
order to understand the behaviour of thermoplastic materials given the great demand for
a transition to recyclable materials.

1.2 Thesis layout

This dissertation has been organised in such a way that a perceptible reading bearing
in mind the described objectives:

In Chapter 1 a brief introduction to the proposed theme is presented along with the
goals defined for this project.

In Chapter 2, the state of the art regarding the study of transverse matrix cracking
is presented. An introduction is made concerning the basic notions of composite mate-
rials, focusing on thermoplastic and thermosetting polymer matrix composite materials.
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Subsequently, the main failure mechanisms are presented and, finally, the state of the
art concerning the effect of layer thickness on the behaviour of fibre-reinforced composite
laminates, focusing on the experimental analysis performed so far based on the available

literature.

In Chapter 3 the procedures relating to the experimental program carried out are
described. Two thermoplastic and two thermoset materials were used in the analysis, for
which the properties are presented. The preparation of the specimens and the tensile test
performed are also described in this chapter.

The results obtained from the tests described in the previous chapter and their cor-
responding analysis are presented in Chapter 4 of this report. The analysis has as its
main focus the analysis of the stress curves obtained and the images captured during the
various tests. The study of crack density and crack spacing evolution are presented in
detail focusing on the effect of transverse ply thicknesses.

In Chapter 5, in complement to the analysis performed considering the experimental
tests, the analysis of the results obtained after in situ DENT test using Synchrotron
Radiation Computed Tomography was performed for one of the thermoplastic materials
studied in Chapter 4. The analysis of the influence of transverse ply thickness is defined

by studying the evolution of the damage volume.

To finalize, in Chapter 6, the conclusions obtained from the analysis are exposed to-
gether with proposed future work that will enrich the presented work.






Chapter 2

State-of-art and Literature

Review

An introduction to composite materials, with particular emphasis on thermoset and
thermoplastic-based composites, is presented in this chapter. Then, the various failure
mechanisms inherent to laminated composites are presented. Finally, the effect of ply
thickness on the mechanical behaviour of multidirectional composite laminates, with a
focus on matrix cracking and in-situ effect, is analyzed, along with a succinct overview of

relevant experimental studies.

2.1 Composite Materials

Composite materials are obtained by the combination of two components with differ-
ent characteristics: the reinforcement, which can be continuous or discontinuous and is
responsible for the strength and stiffness of the material, and the matrix, which surrounds
the reinforcements, ensures material cohesion. Given the diversity of the constituents,
different types of composites can be formed based on the type of reinforcement and the
matrix used. The type of reinforcement can be made of continuous or discontinuous fibres
or particles, while the matrix can be metal-, ceramic- or polymer-based.

2.1.1 Polymer Matrix Composites

The most commonly used composites in the aeronautical industry are continuous carbon
fibres with a polymeric matrix. Fibre-reinforced polymer composites are characterized
by their excellent mechanical properties, where the polymer resin presents an isotropic
behaviour, however, the fibres present a transversal isotropic behaviour with a higher
strength in the fibre direction concerning the perpendicular direction [4, [5]. Polymeric
Matrix Composites (PMCs) can be classified into two main groups, namely thermoset-
based composites and thermoplastics-based composites (Figure .
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Cross link

Thermoplastic resins Thermosetting resins

Figure 2.1: Molecular structure of thermoset and thermoplastic polymers [6].

Thermoset-based composites are characterized by the formation of an irreversible cross-
linked three-dimensional network during the resin cure process through heat and chemical
reactions involving the exchange of electrons. These covalent bonds formed after the
polymerization process result in a permanent network that cannot be reformed, making the
reprocessing of thermoset resins or their recycling extremely complicated. However, due
to their high temperature and chemical resistance, high dimensional stability, and strong
and rigid structure, these materials find widespread use in various industries. The high
toughness of the thermosets is often accompanied by low transversal fracture toughness,
transverse tensile, and low interlaminar tensile and in-plane shear failure strains, making
them susceptible to micro-cracking. The various types of thermosetting polymers are
classified based on their chemical configuration, such as polyesters, vinylesters, epoxies,
phenolics, polyamides, and bismaleimides [7H9].

In contrast to thermoset-based composites, thermoplastics-based composites do not
form irreversible cross-linked networks during the manufacturing process. This allows
them to be reshaped with the increase in temperature, making their recycling and repro-
cessing much easier. The manufacturing process of thermoplastics is achieved by melting,
consolidation and cooling the resin, which results in high tensile strength, stiffness, and
dimensional stability, good compression and fatigue strength, and high durability and
damage tolerance. The most commonly used thermoplastic resins include polypropylene
(PP), polyvinylidene fluoride (PVDF), polymethyl methacrylate (PMMA), polyphenylene
sulfide (PPS), polyetherimide (PEI), and the Poly(aryletherketones) (PAEKs). Resins
from the PAEK family, such as polyetheretherketone (PEEK) and polyetherketoneketone
(PEKK), have garnered significant interest in the aeronautic industry due to their excel-
lent properties. PEEK is the most commonly used thermoplastic, however, due to its high
processing temperature, the need arose to search for a new candidate. PEKK has been
studied over the last few years as it has excellent mechanical, thermal, and chemical prop-
erties with a lower glass transition temperature and processing temperature than PEEK
[2, 3].
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2.1.2 Manufacturing processes of polymer fibre reinforced composites

The manufacturing process has a significant impact on the properties and performance
of composite materials. Deviations, incomplete curing or improper processing can lead to
defects such as voids, resin-rich areas, and poor interfacial bonding between matrix and
fibres, resulting in inferior properties, and reduced durability, affecting the overall quality
and reliability of the composite structure.

The most common manufacturing process for thermoset composites is the autoclave
process which consists of a high-temperature and pressure process, enabling a chemi-
cal curing reaction for geometry stabilisation during forming. This process uses lay-up
prepreg, consisting of fibre plies pre-impregnated with resin, vacuum bag forming and
autoclave curing. The resin curing process is initiated and maintained by increasing the
temperature. The compaction of the laminate to the desired fibre volume fraction and the
voids elimination during curing is achieved by applying pressure [10H12].

For thermoplastic-based composites, the most commonly used process is compression
moulding, which involves a two-part mould that is heated when closed. The final temper-
ature must be higher than the crystalline melting point, 7,,, to reach the liquid stage and
allow for the reshaping of the component. Once moulded, the mould is cooled and crystal-
lization occurs between the melting temperature, 7, and the glass transition temperature,
T, [9,13]. The level of crystallinity attained during processing present a crucial role in the
mechanical properties of the composite. The polymer matrix in thermoplastic composites
can be semi-crystalline or amorphous, and the level of crystallinity can be controlled by
processing conditions, such as the cooling rate, processing temperature, and applied pres-
sure. Higher cooling rates lead to higher levels of amorphousness, while lower cooling rates
result in higher degrees of crystallinity. Furthermore, higher processing temperatures and
pressure can promote crystallization, increasing stiffness and strength.

Regarding PEKK-based composites, the T/I (terephthalic/isophthalic) ratio is also an
important parameter that can significantly affect the degree of crystallinity and conse-
quently the properties and processing characteristics of the component. With the pres-
ence of terephthalic acid units occurs the formation of a more ordered crystalline structure,
resulting in a higher crystallinity in the composite. In contrast, with the presence of isoph-
thalic acid units results in a disruption of crystal formation, leading to a lower crystallinity
[2], [14].

2.2 Failure Mechanisms

Laminated composite materials are heterogenous and anisotropic in nature and their
damage mechanisms depend on the scale under analysis: microscale (where the fibres and
matrix elements are considered), mesoscale (ply level), or macroscale (laminate level). At
the mesoscale, the ply is considered homogeneous and the ply is considered transversely
isotropic [15].
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At this level, the damage mechanisms can be defined as intralaminar, which includes
matrix cracking, fibre failure (breaking and kinking) or fibre-matrix shear interface, or as
interlaminar, delamination (Figure. Generally, matrix failure occurs first, followed by
fibre failure, which controls the final failure of the material [16], [17].

Intralaminar matrix damage
— Fiber damage

Delamination

Delamination
Ply-to-ply interface

Figure 2.2: Failure mechanisms in laminates [I§].

2.2.1 Fiber Failure

When the material is subjected to tensile loads in the longitudinal direction, the force
is distributed between the fibres, until a fibre breaks. Fibre failure is a statistical process,
dominated by defects in the fibres. After the first fibre breaks, the stresses are redistributed
and the process is repeated. When a sufficiently large cluster of broken fibres occurs, the
ply fails, and its load carrying capability is lost [19].

Under a longitudinal compressive load, failure occurs due to local bending of the fibres
caused by local fibre misalignment, which may lead to deformation in ductile fibres or
fracture in brittle fibres. The presence of shear stresses leads to further misalignment of
the fibres and consequently results in the creation of a kink band [19] 20].

0° microbuckle - S

4 malrix crack
0/90° 90° splitting
delaminatio

*

-+ = fibre fracture
o

0°/90°
delamination

delamination

Y

microbuckling

(a) (b)

Figure 2.3: Failure modes under: a) Tension loading [2I], b) Compression loading (adapted from

22]).
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2.2.2 Matrix Failure

Matrix cracking is a type of damage commonly observed in composite laminates, espe-
cially in transverse plies under tension, mainly as a result of their tensile strength is lower
than that of 0 plies. Matrix cracking in the 90° plies can increase the load carried by the
0 ° plies and introduce stress concentration at the crack tip, eventually leading to fibre

failure and laminate failure [19, 23].

Several studies have been carried out on transverse cracking in multidirectional com-
posite laminates focusing on cross-layer laminates with a 0° layer as an outer layer and a
90° layer on the inside. The strength of a 90°lamina depends on the restraining effect of
the adjacent plies, and as the load is increased, more cracking and an increase in crack
density to saturation occur. The introduction of internal damage and cracks in the ma-
trix can significantly decrease the effective stiffness of the cracked plies, causing a stress
redistribution in the structure and a decrease in the modulus of elasticity of the laminate
[23H25].

The evolution of transverse cracks can be divided into 3 phases:

e First, crack initiation and propagation across the width occurs. Crack initiation is
a statistically-driven phenomena consequence of the inherent variability in the local
fracture toughness of the matrix material, which is often attributed to manufacturing
defects such as voids, incompletely cured regions, inclusions, and weakly bonded
fibre-matrix interfaces. Consequently, the initial cracks that form from these defects
may exhibit randomness in their location, size, shape, and growth rate during the
early stages of damage development.

e Then, the stress in the ply is redistributed, and other cracks appear in other locations.
The crack density increases with the increasing load. The crack appearance rate is
rapid in the beginning of the process and slows down as the maximum number of
cracks is reached.

e Finally, the evolution of the cracks reaches saturation leading to other types of
damage, as delamination and fibre breakage.

The evolution of matrix cracking can be quantified by experimentally measuring the
number of cracks per unit length, referred to as crack density. The first cracks created are
distributed randomly in the specimen, while with increasing density it is possible to verify
a more uniform distribution. The prediction of the new failure position can be performed
using probabilistic analytical models, based on the critical energy release, as studied by
several authors [26H28].

2.2.3 Delamination

When the various failure modes of the lamina are combined at the laminate level, the
generation of matrix failure in the different plies will result in increased stresses near

the interface between the plies resulting in their separation. This phenomenon is named
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delamination[29].

Carraro et al. [29], studied that delamination in composite laminates can occur through
different mechanisms. The most common mechanisms of delamination onset related to
are through the presence of transverse cracks that reach the interface in the straight or
branched configuration as it is possible to observe in figure 2.4, The occurrence of delam-
ination without the presence of transverse cracks was also observed due to irregularities
on the edge surfaces. It was concluded that the onset of delamination occurs at a much
higher load in laminates with thinner transverse plies.

0
ay G!l"

=i =

0° — — - "
(a) (b) (c)

Figure 2.4: Delamination initiation mechanisms a) Cook-Gordon mechanism, b) straight, and c)
branched [29].

2.3 Ply Thickness Effect in Composite Laminates

In multidirectional laminates, the onset and propagation of transverse cracks in lamina
with perpendicular orientation to the load occur at strain levels lower than the failure
strain of the laminate. These mechanisms are the most recurrent ones and cause material
degradation at the ply, which can propagate to the interlaminar region (delamination),
accelerating the final failure of the laminate.

It has proved that the failure strength of transverse layers embedded in a multidi-
rectional laminate is higher than that of unidirectional laminate, due to the constraints
imposed by the adjacent layers that result in a delay in the crack initiation. The ply
thickness also influences the matrix-dominated ply strengths and the crack density: the
thinner the ply, the higher the strength and crack density in the ply [30H32]. This ply
thickness effect is known as the in-situ effect [17, [B3H35].

In order to evaluate the effect of ply thickness on the determination of the onset and
propagation of transverse cracking it is possible to consider the in-situ effect using fracture
mechanics models. As important properties to consider for this study are the fracture
resistance and in-situ strengths in order to define failure criteria for the prediction of
transverse damage mechanisms in multidirectional laminates [24], 25] 36].

2.3.1 Effect of ply thickness on the crack density evolution and ply
strength

Garrett and Bailey [37], Bailey and Parvizi [30], Parvizi et al. [38] carried out the first
experimental studies on the effect of ply thickness of 90° layers. They studied cracking on-

10
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set and propagation on 90° layers with different thicknesses (0.1 to 4 mm) when embedded
between 0° plies with a fixed thickness under tensile loads. In these studies, the relation-
ship between the transverse crack spacing, the 90° ply thickness and the applied stress
were analysed: with the decrease of the thickness of the 90° ply, a decrease of the crack
spacing was observed (Figure . Additionally, the relation between the ply thickness
and the onset transverse crack strain was studied: for thinner ply thicknesses, the cracks
are not visible prior to failure, for intermediate thicknesses small edges cracks appear at a
higher strain and grow slowly, and for thick ply, with a thickness superior to 0.4 mm, the
growth occurs instantaneously ( Figure .
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Figure 2.5: a) Relation of crack spacing with the transverse ply thickness and the applied stress
[37], b) Relation of the onset transverse cracking strain with the transverse ply thickness [38].

Following the study carried out by the previous authors, Flaggs and Kural [31] con-
cluded that, in addition to the effect of transverse ply thickness, the orientation of the
outer layers has an influence on the strain and stress value of the onset transverse crack.
Tensile tests were performed considering Graphite/Epoxy [£6/90]s laminates, with § equal
to 0°, 30° and 60°. In this research, it was referred for the first time to the existence of
the in-situ effect on the transverse tensile strength (Figure .

11
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Figure 2.6: Relation between the thickness of the transverse ply, the orientation of the constraints

plies and the in-situ transverse strengths [31].

The evolution of the crack density due to applied stress during a static tension loading
was studied by Liu and Nairn [39] for a Graphite/Epoxy laminate and a Carbon/PEEK

laminate of configuration [0,,/90,], varying the number of layers of 900 and Oo. For low

S
applied loads, a slow increase of the crack density with the increase of the applied load
was observed. After the appearance of the first cracks, an exponential increase of the
crack density until saturation is reached and delamination initiates were observed. At this

point, the crack density versus applied stress becomes constant (Figure [2.7)).

Boniface et al. [40] carried out an analysis on notched and unnotched specimens vary-
ing the number of the 90° layers in the laminates. The author observed that the transverse
cracking failure process can be divided into two distinct stages: initiation and propaga-
tion. For the specimens with a thicker transverse ply, the crack propagation through the
thickness and width occurs instantaneously after initiation. The same is not observed for
the thinner plies, where there is higher resistance in both stages of crack evolution.
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Figure 2.7: Crack density vs applied load in Graphite/Epoxy cross-ply laminates [39].
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Crack Spacing Analysis

The previously mentioned studies [26H28] focused on the formation of transverse matrix
cracks in cross-laminated laminate and on increasing the understanding of crack density
evolution. This was considered assuming a uniform spacing between cracks. However, the
crack distribution might not always be uniform, particularly in the presence of material
defects, such as micro-crack, voids or weak interface zones between the fibres and the
matrix. Therefore, to enrich the analyses, not only crack density but also crack spacing
was studied by several authors [25H28] 41] with the purpose of developing models that
represent crack density more accurately.

Laws and Dvorak [25] proposed a progressive damage model for transverse cracking
in cross-ply composites, utilizing the shear lag model. The model defined yielded good
predictions for stiffness reduction in the laminates and allow an analysis of progressive
matrix cracking. For this study, three cases were considered for the creation of new
transverse cracks between consecutive cracks, incorporating different failure probability
functions. In the first case, it was assumed that the next crack was guaranteed to occur
at the midpoint. The second implied that all locations between the two previous cracks
were equally probable. The third, based on simple fracture mechanics, considered the
position of the next crack to be proportional to the stress in the transverse ply. Despite
the similarity to the experimental results, the appearance of random cracks outside the
region considered led to the need to develop different methods. With the intention of

accounting for material flaws, some non-deterministic models have been studied.

Aiming to consider the random patterns of crack distribution, Silberschmidt [41] defined
four spacing models, three considering a uniform distribution with a maximum, minimum
and average spacing and one considering a random distribution based on the Weibull
distribution (Figure . The analysis was performed on carbon-fibre epoxy resin cross-
ply laminates [0,,/90,,/0,] to determine an approximate function for the crack spacing.
Using X-ray analysis it was possible to define a Weibull distribution function with three
parameters. Based on these results, it could be concluded the influence of crack spacing on
the stress distribution, noting the importance of performing studies considering uniform
and non-uniform spacings, allowing the obtaining of a more consistent analysis in laminates

with different orientations.

These models allow a probabilistic analysis of the new crack initiation location. The
above methods will not be used in the present study, nevertheless, they are included as an
introduction to the study of average crack spacing.

13
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(d)
Figure 2.8: "Four cases of modelled crack spacings: minimum (a), maximum (b), mean (c), and
random (d).” Figure and description from [41].

Analytical prediction of the ply strength as a function of the ply thick-
ness

To analytically predict the transverse and in-plane shear ply strengths (defined as the
stress at which the first matrix crack is formed) as a function of the ply thickness, analytical
models based on Fracture Mechanics were developed over the.

Based on the theory of Aveston and Kelly [42] to analyse the formation of multi-
ple cracking in unidirectional fibre-reinforced composites, Parvizi et al. [38] developed
a modified shear lag model to analyze the onset and propagation of transverse cracking
in cross-ply laminates. Through the combination of the one-dimensional shear-lag anal-
ysis and the Griffith energy concept, the authors determined the value of the minimum

transverse failure strain, known as in-situ transverse failure strain, which can be described

by:
' | 26E1v,91/?
P 2.1
6tu (b_l_d)EtEC? ( )
with
ECGt b + d
= . 2.2
E1E; bd? (2:2)

This method presented limitations due to the consideration only in mode 1 of failure,
discarding the effects of in-plane shear stresses in the formation of the cracks [31]. To
address this limitation, Flaggs [43] proposed a new approach for the prediction of tensile
matrix failure by combining the two-dimensional shear-lag analysis with the mixed mode
strain energy release rate fracture.

14
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Dvorak and Laws [25] [26] defined the first ply failure based on the propagation of the
crack in the fibre axial and perpendicular directions by appealing to a slit crack occurrence.
Thus, it was suggested a criterion for cracking prediction of a matrix based on fracture
mechanics, considering the effect of blade thickness under in-plane shear stresses and
transverse tensile stresses. In this paper, was shown that for thicker plies the initial cracks
will not lead to an instantaneous effect on the adjacent plies, since the flaw is formed in
the ply centre. On the other hand, the formation of cracks on thinner plies will lead to an
instantaneous effect, due to the fact that their length will more limited by the adjacent

plies.

Camanho et al. [24] proposed an analytical model to predict in-situ under transverse
tension and in-plane shear that accounts for ply position (embedded within a laminate,
or surface ply) and ply thickness. This approach relies on the energy exchange between
a layer and an elliptical fracture, considering the crack growth in the perpendicular and
parallel directions developed by Dvorak and Laws [25]. For this analysis, three possible
configurations were considered to determine the in-situ strengths, represented in figure

23
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Figure 2.9: a) Thick transverse ply thickness, b) Thin transverse ply thickness, ¢) Thin outer ply
thickness [24].
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Chapter 3

Experimental Part

The aim of this work is to analyse the effect of ply thickness on the initiation and prop-
agation of transverse cracks in composite materials of different polymeric matrix types
and grade. For this purpose, four material systems were experimentally tested: two
thermoplastic-based and two thermoset-based composites. Each material was analysed
considering a cross-ply laminate varying the number of layers of the cross laminae. In this
chapter, the aspects related to the materials used, the specimen preparation and the tests
performed will be presented.

3.1 Material

The four materials analysed consist of carbon fibre and polymeric matrix, namely two
thermoset-based composites consisting of Epoxy resin matrix and two thermoplastic-based
composites consisting of PEEK resin matrix.

e The Thermoset A is a T800/736LT, a thin-ply carbon/epoxy prepreg with a fibre
areal weight of 50 g/m? supplied by North thin-ply Technology (NTPT). Its nominal
cured ply thickness is 0.052 mm [44]. The curing cycle consisted of heating the plates
to the dwell plateau at 70°C for one hour and full cure for 45 minutes at 120°C.

e The Thermoset B is a T700/FRVC411, a flame retardant carbon/epoxy prepreg with
a fibre areal weight of 140 g/m?. Its nominal cured ply thickness is 0.153 mm [45].
The curing cycle consisted of heating the plates to the dwell plateau at 70°C for one
hour and full cure for 45 minutes at 120°C.

e The Thermoplastic A is composed of unidirectional APC-2 AS4/PEEK thermoplas-
tic tapes. The consolidation process was performed by hot pressing using a Wickert
hydraulic press with conditions to ensure a high crystallinity level in the composite

(30%).

Regarding thermoplastic material B, its composition and consolidation process can-
not be presented in this work for confidentiality reasons. The elastic properties of the
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3.1. Material

materials used in this project are summarized in tables and for Thermoset
A, B and Thermoplastic A, respectively, where E; is the longitudinal elastic modulus,
Es the transversal elastic modulus, Gis the shear modulus and wvqs the in-plane Poisson
ratio.

Table 3.1: Elastic Properties of Thermoset A

E1 (GPa) Eg (GPa) G12 (GPa) v12
143.83 7.853 3.803 0.378

Table 3.2: Elastic Properties of Thermoset B
E1 (GPa) E2 (GPa) G12 (GP&) v12
102 6.38 3.38 0.29

Table 3.3: Elastic Properties of Thermoplastic A
E1 (GP&) E2 (GPa) G12 (GPa) v12
147.37 10.28 5.34 0.3

The specimens used for the analysis were made of cross-ply laminates, composed by
unidirectional ply orientated with configuration [0,,/90,/0,,]. For each material, the num-
ber of layers at zero is maintained constant by varying the number of layers at 90°. Four
configurations were considered for the thermoset-based composites and three configura-
tions for the thermoplastic-based composites. The configurations analysed are presented
in the following tables, as with the nomenclatures used for the identification of the different
specimens tested (Table [3.4)).

Table 3.4: Laminate stacking sequence analysed

Laminate Designation Lay-up Thickness (mm) 90° Thickness (mm)

T01 [06/90/0¢] 0.67 0.052

Thermoset A T03 [06,/903 /0] 0.78 0.156
T06 [06/906 /06 0.93 0.312

T12 [06,/9012/0¢] 1.25 0.624

P1 [05/90,05)] 0.77 0.153

Thermoset B P2 [05,/905,/05] 0.92 0.307
P3 [05,/905,/0s] 1.07 0.460

P4 [02/904/05] 1.23 0.613

Q3 [02/90/02] 0.66 0.132

Thermoplastic A Q4 [02/902/02] 0.79 0.264
Q5 [02/904/05)] 1.05 0.528

M1 [03/90,03] 1.33 0.190

Thermoplastic B M2 [03/902/03] 1.52 0.380
M4 [05/904 /03] 1.71 0.760
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Chapter 3. Experimental Part

3.2 Samples Preparation

The materials to be studied were cut with a diamond saw to obtain rectangular speci-
mens with a width of 10 mm, and a height between 130 and 150 mm. After cutting, the
central section of the samples was polished through the thickness with Silicon Carbide
(SIC) sandpapers with 320-800-1200-4000 mesh to obtain a surface with the necessary
finish to visualise the formation of cracks during the subsequent tensile tests.

To provide a better fixation of the samples and to prevent any significant stress con-
centrations in the section attached to the grips of the test machine, tabs were glued to
each sample tested. The tabs used are made of glass fibre with a height of 56 mm and
a width of 10 mm. The surface was prepared with fine-grain sandpaper to improve the
adhesion of the fibreglass tabs to the samples. Epoxy adhesive HB AS 89/AW 89 was used
for attachment.

3.3 Tensile Test

All the tests were performed on an Instron 5900R 4208 H 0138-3 electro-mechanical
universal testing machine equipped with a 200 kN load cell. The testing machine was
equipped with hydraulic grips and the specimens were monotonically loaded in tension
at a cross-head speed of 0.25 mm/min while recording force and cross-head displacement.
In order to record the failure evolution along the specimen thickness an 18 Megapixel
Canon digital camera EOS 80D with macro-lenses was used to monitor a portion of the
specimen’s thickness.

The images were taken with a time-lapse of 4 seconds, focusing within approximately
20 mm of the edge of the specimen between the grips. For the analysis of the results, the
force and displacement readings of the machine were synchronized with the acquisition of
the images in order to estimate the value of the applied force in each image.

The tests were carried out in accordance with two different procedures. In the first
method, tensile tests were carried out with a continuous increase in load without interrup-
tions until the specimen failed. This method allowed the tensile strength of the laminate
to be determined from the relationship between the maximum load before failure and the
cross-sectional area of the specimen.

Pmax

X ==%

(3.1)

The second method used in the tensile tests consisted of an incremental loading-based
analysis. The tests were carried out with stops at pre-stabilised load levels in order to
identify the evolution of the transverse cracks and to define the evolution of crack density
as a function of the number of plies at 90° and of the material under study. The stop
levels were chosen to take into account the strain values of the longitudinal plies since the
number of 0° plies is the same for the different configurations of the same material. The
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3.3. Tensile Test

Figure 3.1: Experimental Test Setup used.

strain values can be determined by the equation where Ago is the cross-sectional area
taking into account the thickness of the longitudinal plies only.

Prnax

- AO° X El (32)

€00

After obtaining the maximum value of stress in the continuous tests, the maximum
values of deformation were determined for each laminate analysed. In order to facilitate the
comparison of the results, stops were defined taking into account the maximum absolute
value of deformation among the different laminates. For this strain value, ten increments
were defined, corresponding to the stop points. From the strain values defined for all the
laminates, the strength values for each material were defined. As the calculated strain
value only takes into account the plies at 0°, this is equivalent for all configurations of
each material and the steps are the same for all laminates of each material.
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Chapter 4

Experimental Results

In this chapter, the experimental results obtained during longitudinal tensile tests of
cross-ply laminates for the four materials studied are presented. To study the constraining
effect on the influence of the transverse ply thickness for the different laminates, the results

are compared between configurations of the same material.

For the analysis of the initiation and propagation of matrix cracks during the tests,
the evolution of the damage level in the form of transverse crack density as a function of
the applied load was considered. The influence of ply thickness and material type on the
initiation and propagation of transverse cracks in the inner 90° layer of cross-ply laminates

is also discussed.

4.1 Tensile Test

Through the tensile tests, it was possible to obtain the force-displacement curves for
each of the laminates investigated, defining the maximum value of the tensile strength and
the ratio between the thickness of the 90° layer of the laminate for each material. It is
worth mentioning that the preliminary tests were carried out using manual wedge-action
grips, which were later replaced by hydraulic grips to ensure a higher clamping force, once

slipping was observed.

4.1.1 Thermoset A

The results obtained from the experimental tests performed for thermoset A are shown
in figures to From the obtained results, it is possible to observe a reduction in
the stiffness of the laminates due to the formation of micro-cracks in the internal layer of
the specimens. A variation in the maximum displacement of results in configuration T06
was observed, which can be explained by using different types of grips in the tests, sample
8 was the only one tested with the hydraulic grip. In contrast, the remaining tests were
performed with manual grips. Samples 1 and 2 of laminate T03 and 1 to 4 of laminate T12
were tested without tabs although they are shown due to similar behaviour and achieved
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4.1. Tensile Test

the same maximum strength. The specimens with the thinner configuration T01 were all
tested considering the procedures mentioned in chapter 2, where the first 3 specimens were
tested using continuous loading until failure while and the last 2 specimens were tested in
incremental steps.
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Displacement [mm)]

Figure 4.1: Stress-displacement tensile test results for configuration with 1 90° ply.
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Figure 4.2: Stress-displacement tensile test results for configuration with 3 90° plies.
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Figure 4.3: Stress-displacement tensile test results for configuration with 6 90° plies.
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Figure 4.4: Stress-displacement tensile test results for configuration with 12 90° plie.

The average tensile strength, X% , obtained for the laminate T01, T03, T06 and T012
specimens are shown in table along with their coefficient of variation. It should be
noted that only the stress values of the specimens in which the test was carried out with

tabs and without incremental stops were taken into consideration. While the ultimate
tensile strength for the T01 and the TO03 results are constant, a remarkable reduction
of these properties with the 90° layer thickness can be observed for the T06 and T12

configurations.

Table 4.1: Tensile Strength results for the four configuration [0g/90,,/0¢] of Thermoset A.

Laminate N of Samples Tested Tensile Strength X% [MPa]

Coefficient of Variation [%]

T01 3
TO03 3
T06 )
T12 2

1986.32
2041.92
1623.62
1369.78

7.14
2.68
10.08
3.39
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4.1.2 Thermoset B
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Figure 4.5: Stress-displacement tensile test results for configuration with 1 90° ply.

The tensile test results for the thermoset B composite are shown in the stress displace-
ment curves of figures to Analogously to what was observed in thermoset A, a
decrease in stiffness was noticed with increasing load due to the appearance of damage
mechanisms, notably matrix cracking and delamination. The first three specimens of the
thinner configuration, P1, were tested with the manual grips as well as the five specimens
of the P2 configuration and the first two of the thicker configurations, P3 and P4. The
curve of the third test specimens P1 and P2 are not represented since the test was stopped
after delamination at the interface, without reaching failure.
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Figure 4.6: Stress-displacement tensile test results for configuration with 2 90° ply.

24



Chapter 4. Experimental Results

1800 T T T T T T
Samples 1 and 2
1600 F Sample 3 4

1400

P3

1200 [

1000

800 -

Strees [MPa)

600 -

400 -

| | | | | | |
0 0.5 1 15 2 25 3 35 4
Displacement [mm)]

Figure 4.7: Stress-displacement tensile test results for configuration with 3 90° ply.

Table gives the average values of tensile strength for the different configurations
of thermoset B. The highest tensile strength was obtained for the laminate with a lower
number of 90° layers. The reduction was 4.58% for the P2 configuration, 16.44% for P3 and
23.47% for the thicker one. The delamination occurred in several tests performed with this
material. This effect can be justified by the fact that voids are observed in the samples
under optical microscopy during their preparation (Figure . As studied by several
authors [46-50], the presence of voids in the matrix of composite material, when under

tension, acts as stress concentrators, leading to pre-cracking function and consequently to
premature delamination.
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Figure 4.8: Stress-displacement tensile test results for configuration with 4 90° ply.

25



4.1. Tensile Test

Table 4.2: Tensile Strength results for the four configuration [02/90,,/02] of Thermoset B.

Laminate N© of Samples Tested Tensile Strength X% [MPa] Coefficient of Variation [%)

P1 3 1555.96 7.92
P2 ) 1484.64 4.14
P3 3 1300.12 3.47
P4 3 1190.63 4.58

Figure 4.9: P1 laminate observed through optical microscopy.

4.1.3 Thermoplastic A

For thermoplastic A, the tests of the configurations Q3 and Q4 were performed in the
same conditions where the first 3 tests were performed continuously and the last 2 with
incremental steps. The graphs obtained from the tests are represented in the figures
to For the Q5 configuration, 8 tests were performed, out of which the first 5 were
continuous and the remaining 3 by incremental steps.
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Figure 4.10: Stress-displacement tensile test results for configuration with 1 90° ply.
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Figure 4.11: Stress-displacement tensile test results for configuration with 2 90° ply.
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Figure 4.12: Stress-displacement tensile test results for configuration with 4 90° ply.

In this material, it was not possible to establish a relationship between ply thickness
and the maximum strength of the laminate. It can be observed that the intermediate con-
figuration, Q4, shows a value 21.35% higher than that observed in the thinnest laminate,
and 42.34 % higher concerning the thicker laminate. The increasing evolution of tensile
strength with decreasing thickness was not observed, which can be justified by poor con-
solidation of the plates, leading to the formation of in-plane fibre waviness, in the thinnest
and thickest laminates, and the value of the intermediate laminate can be considered the
most accurate. The different configurations analyzed exhibit a high coefficient of variation
due to the dispersion of the results obtained in the tensile tests. This could be related to
the low material quality, which may be attributed to the absence of a proper manufacture

process.

Fibre waviness can have a downward effect on the mechanical performance of composite
laminates and attempts to quantify it are an active area of research [51H55]. The tensile
properties of composites decrease with an increase in the magnitude of fibre undulation,
which behaves as local shear stress concentrators. The combination of the created inter-

laminar shear stresses causes premature rupture than failure due to tensile damage for a

27



4.1. Tensile Test

specimen with reduced in-plane waviness [55].

Table 4.3: Tensile Strength results for the three configuration [02/90,,/02] of Thermoplastic A.

Laminate N of Samples Tested Tensile Strength X% [MPa] Coefficient of Variation [%)

Q3 ) 1167.66 21.51
Q4 ) 1484.64 20.95
Q5 6 856.11 24.95

4.1.4 Thermoplastic B
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Figure 4.13: Stress-displacement tensile test results for configuration with 1 90° ply.

The results obtained from the experimental tests performed for this thermoplastic are
shown in figures to The first three specimens of each configuration were tested
continuously while the others were tested with incremental loading. Similarly to the
previous materials, the stress-displacement relationship is not completely linear due to
the loss of stiffness with the propagation of matrix cracking.
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Figure 4.14: Stress-displacement tensile test results for configuration with 2 90° plies.

28



Chapter 4. Experimental Results
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Figure 4.15: Stress-displacement tensile test results for configuration with 4 90° plies.

The results of the Tensile Strength of the laminates under study are presented in the
following table (Table [4.4). As observed in the results of the other materials, there is a
decrease in the maximum tensile strength with the increase in the number of transverse
layers in the laminates. In relation to the laminate with only one layer at 90°, there was a
decrease of 4.36% in the intermediate configuration and 10.44% in the configuration with
more layers.

Compared to the thermoset materials studied, the reduction in tensile strength observed
in the different configurations of this thermoplastic is significantly lower. This difference
can be attributed to its higher toughness, leading to the proximity of the initial transverse
cracking with the final fracture of the material.

Table 4.4: Tensile Strength results for the three configuration [05/90,, /03] of Thermoplastic B.

Laminate N© of Samples Tested Tensile Strength X% [MPa] Coefficient of Variation [%]

M1 8 1545.96 12.26
M2 7 1478.48 7.15
M4 6 1384.58 4.18
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4.2. Transverse cracking analysis

4.2 Transverse cracking analysis

In this section, the analysis and comparison of crack initiation and propagation of
the different materials are presented. The images were taken during the tensile tests to
analyse the initiation of cracks in the transverse layer through specimen loading. From
these images, the in-situ transverse strength values were obtained for the materials where

the appearance of cracks was observed.

The crack growth propagates through the thickness, however, may not extend com-
pletely across the width of the specimen. The most representative definition of the damage
evolution is given by the ratio between the cracked surface in the volume of the specimen
under observation, although, once the propagation extends through the thickness of the
specimen, the analysis can be simplified by the ratio between the crack length and the
observation of the surface. To simplify the analysis, assuming that the cracks propagate
along their width, in the analysis of the obtained results the crack density (p) was defined
by the relation between the number of cracks detected for a certain percentage of the
strain (N) and the observation length (L) (Equation [4.1)).

p=N/L (4.1)

As mentioned, representative images of the crack formation evolution are presented,
with the increase of the applied force, being that the load values will be directly dependent
on the material in question, as well as its configuration. Thus, the crack evolution is

presented for thermoset A and B and thermoplastic A and B in figures to The
length of observation in each specimen is between 20 and 30 mm.

For some of the laminates studied, the presence of cracks in the matrix was not observed.
With the reduction of the number of transverse layers, the appearance of cracks occurs
for higher stresses. Thus, in the thinner laminates the cracks occur very close to the
maximum failure stress, which makes them difficult to visualize. It should be noted that
the resolution of the images obtained makes it rather complicated to visualize the thinner
plies, and therefore it is difficult to identify potential cracks.

Finally, it is important to mention that in the next graphical results presented, a char-
acteristic symbol was selected for each configuration of the same material. The variation
in the tonality of the curves, with the same symbology, was performed to distinguish dif-
ferent specimens tested with the same configuration and composition. This nomenclature

was adopted in order to make the data analysis more understandable.

4.2.1 Thermoset A

In thermoset A, for the laminates with only 1 and 3 layers at 90° it is not possible
to observe any appearance of cracks. Considering the thickness of the 90° plies is 0.052
mm for one ply and 0.156 mm for 3 plies, a higher resolution than the one used would be
necessary to observe the cracks, which could be potentially achieved by utilizing a different
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Chapter 4. Experimental Results

camera lens or reducing the free-length of the samples. For the [0g/904/06] laminate the
cracks started appearing from 1.15% of strain onward. For the thicker laminates, the
cracks are formed from 0.86% of strain. To facilitate the detection of the cracks and
increase the contrast, some laminates were white painted on the camera side. The same
procedure was performed in the remaining laminates.

The evolution of the crack density as a function of the strain level for the specimens
[06/9012/06] and the [0g/906/0¢] is represented in figure It can be observed that
crack initiation starts first for the thicker laminate and that its propagation is more
sudden initially stabilizing at a lower damage percentage than observed in the thinner
laminates.
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Figure 4.16: Crack density evolution in Thermoset A specimens for T6 and T12 laminates.

(a) € = 0%, F = OkN

(b) € = 0.86%, F = 8.2kN

(c) € =0.96%, F = 9.2kN

(d) € = 1.08%, F = 10.3kN

(e) € =1.37%, Before Failure
Figure 4.17: Example of sequence of images obtained for [0g/9012/06] of Thermoset A (T12).
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4.2. Transverse cracking analysis

(a) € = 0%, F = OkN

(b) e = 0.91%, F = 8.2kN

(c) € =1.15%, F = 10.3kN

(d) € = 1.37%, F = 12.3kN

(e) € =1.61%, Before Failure
Figure 4.18: Example of sequence of images obtained for [0/906/0g] of Thermoset A (T6).

(d) € =1.68%, Before Failure
Figure 4.20: Example of sequence of images obtained for [0/90/0¢] of Thermoset A (T1).
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4.2.2 Thermoset B

In the following figures, it is possible to observe the crack initiation and propagation
for some specimens with different configurations of the thermoset B laminate. In the lam-
inate with a single transverse ply [02/901/02], delamination was observed at the interface
between the layers of different orientations before the final failure of the specimens. After
the delamination occurs, the cracks in the transverse layer become visible, as shown in fig-
ure [£.24d] Delamination occurred also in the thicker specimens, as mentioned before, but
matrix cracking occurs earlier. Regarding the remaining laminates, the transverse cracks
appear for a strain percentage of approximately 1.54%, 0.98% and 0.64% for configurations
P2, P3 and P4, respectively.

Figure [£.25] presents the crack density growth curves. Similarly to thermoset A, the
cracks initiate at lower values of strain with the increase of the transverse layer. With
decreasing thickness of the transverse layer, there is a more accelerated and delayed damage
growth. In the [02/902/02] laminate, a sudden occurrence of significant damage emerges
during the later stages of loading, near the point of ultimate failure. This phenomenon
shows the increase of in-situ tensile strength as the thickness decreases, leading to a more
pronounced escalation in crack density.

(a) e=0%,F = 0kN

(b) € = 0.45%, F = 2.9kN

(c) ¢ = 0.88%, F = 5.7TkN

(d) e =1.11%, F = 7.2kN

(e) e =2.10%, Before Failure
Figure 4.21: Example of sequence of images obtained for [02/904/02] of Thermoset B (P4).
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4.2. Transverse cracking analysis

(e) € =1.94%, Before Failure
Figure 4.22: Example of sequence of images obtained for [02/905/02] of Thermoset B (P3).

(d) € = 1.54%, F = 10.1kN

T ey o e A TS S

(e) e =2.00%, Before Failure
Figure 4.23: Example of sequence of images obtained for [02/902/02] of Thermoset B (P2).
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(d) e = 1.84%, Before Failure
Figure 4.24: Example of sequence of images obtained for [02/90/02] of Thermoset B (P1).
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Figure 4.25: Crack density evolution in Thermoset B specimens for P2, P3 and P4 laminates.
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4.2.3 Thermoplastic A

Compared with thermoset composites, the Thermoplastic A system showed the nucle-
ation of the first transverse crack at a lower level of strain. For the laminate [02/904/02],
in fact, the appearance of cracks was observed at 0.3% strain, while for the laminate
[02/902/02] cracks were only observed at 0.6%. In the thinner laminates, no cracks were
spotted during the tests. In the damage evolution observed for the laminate Q5, it can
be seen the formation of cracks concentrated on the left side of the image, where the
aforementioned fibre waviness defect is located.

Crack Density [1/mm]

0

0 0.2 0.4 0.6 0.8 1 1.2
Strain %]

Figure 4.26: Crack density evolution in Thermoplastic A specimens for Q4 and Q5 laminates.

(e) € =0.95%, Failure
Figure 4.27: Example of sequence of images obtained for [02/904/02] of Thermoplastic A (Q5).
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(d) e =1.53%, Failure
Figure 4.28: Example of sequence of images obtained for [02/902/02] of Thermoplastic A (Q4).

(b) € =0.61%, F = 5.5kN

- v

(d) € =1.17%, Before Failure
Figure 4.29: Example of sequence of images obtained for [02/90/02] of Thermoplastic A (Q3).
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4.2.4 Thermoplastic B

As observed for some of the specimens previously analysed, in the laminates of configu-
ration [03/90/03] and [03/902/03] the existence of transversal cracking only becomes visible
after delamination at the interface 0°/90°. Due to the high toughness of the thermoplastic
materials interfaces, the appearance of transverse cracks was delayed until delamination
occurred and is evident in sub-figures [£.32¢] and [£.33dl In the case of the M2 laminate,
small cracks are observed that do not propagate through the entire thickness of the ply

instead, stopped at the interface between the two transverse layers.

For the laminate with a thicker configuration, the appearance of some cracks was ob-
served close to 0.82% strain. Despite the low number of data points obtained for this
analysis, it is possible to observe a growth in crack density until the final failure of the M4
laminate, similar to what was observed in the other materials.
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Figure 4.30: Crack density evolution in Thermoplastic B specimens for M4 laminate.
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= 0kN

(a) e=0%,F

(e) e =1.22%, Before Failure
Figure 4.31: Example of sequence of images obtained for [02/904/02] of Thermoplastic B (M4).

(a) e=0%, F = 0kN

(e) e =1.18%, Before Failure
Figure 4.32: Example of sequence of images obtained for [03/902/03] of Thermoplastic B (M2).
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4.2. Transverse cracking analysis

(d) e =1.01%, Before Failure
Figure 4.33: Example of sequence of images obtained for [03/90/03] of Thermoplastic B (M1).

4.2.5 Comparation

A comparison between laminates of the same thickness was made to establish the in-
fluence of the type of material on the obtained results. By analysing the crack density
evolution in the two thicker thermoset laminates (Figure , it is observed that the
crack initiation occurs in the same range of strain values and reaches a similar damage
percentage. In Figure the distinct behaviour of the thermoplastic is easily identi-
fiable, observing the premature onset of the cracks. There can also be detected a more

sudden crack density growth in the thermoset material.
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(a) Thermoset A and Thermoset B (b) Thermoplastic A, Thermoset A and B
Figure 4.34: Comparison of the behaviour of laminates of the same thickness of different mate-
rials.

As previously mentioned, the specimens used in the tensile tests of thermoplastic A
had manufacturing defects, which could influence the results obtained by anticipating the
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initiation of cracks in the matrix. For a more accurate analysis, it would be pertinent
to carry out further experimental tests, nevertheless, this comparison might be a useful
starting point to speculate a distinct behaviour between thermoplastic and thermoset
materials.

4.2.6 Crack Spacing

The crack spacing measurement was performed using the Fiji ImageJ measurement tool
and the average spacing was determined as a function of percentage strain for each of the
specimens where cracks could be identified. The evolution of the average crack spacing as
a function of the percentage strain is shown in figure
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(¢) Thermoplastic A (d) Thermoplastic B
Figure 4.35: Average crack spacing as a function of % Strain.

Analyzing the graphs presented for each material under study, it can be observed a
decrease in the spacing between cracks with the percentage strain increase. The spac-
ing between cracks for lower values of strain is non-uniform, tending to a homogeneous
distribution for high values of strain.

Analysing the evolution of the average spacing for the thermoset A specimens, it is
possible to clearly verify that the decrease occurs in a similar way for the configurations
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4.2. Transverse cracking analysis

with different numbers of transversal layers. The spacing settles down to a value of ap-
proximately 1 mm. A similar relationship can be observed for the configurations with four
and two transverse layers in thermosetting B, where the average spacing between gaps
converges is also about 1 mm. The data obtained from the specimen with three transverse
layers of specimen P3 did not allow the detection of the formation of many cracks, thus
hindering any trend towards the crack spacing distribution.

Regarding the analysis of thermoplastic A, despite the low number of cracks observed,
there is a decrease in the average crack spacing without being possible to reach a stagnation
point. In the analysis of thermoplastic B, given the lack of information, the results obtained
are not significant.

The evolution of the distance between cracks for the different configurations of each
material shows practically equal behaviour, stabilising at a similar value and going from
an exponential decrease to a constant average value, as plotted with the fit curves.

In Table can be found the parameters that allowed the construction of these ad-
justment curves, based on the equation For configurations with multiple curves, such
as the T12, P4, and Q5 laminates, average curves were generated by fitting the individual

test curves.

y=ae " +c (4.2)

Table 4.5: Parameters for the adjustment equations for the different materials and correlation

coefficient.
- T12 T6 P4 P2 Q5 Q4
a b.64E4+02 9.67E+05 1.07TE+05 2.65E4+00 1.70E+01 5.91E400
b 5.705 12.46 15.88 0.9738 6.62 3.526
0.9347 0.8336 1.317 0 1.393 0.6618
R? 0.9845 0.9075 0.9987 0.9654 0.9977 1

It can be observed that, globally, the correlation coefficient between these two vari-
ables is considerably high, with the minimum value obtained being 0.9075, which can be
translated into an almost ideal fit for all the materials studied.

After a detailed literature review on this correlation, it was not possible to find any
theoretical or even experimental model that correlated these two variables. Thus, it is
considered relevant, for future studies, a deeper study of this relationship to develop
theoretical models that allow a more accurate prediction for crack spacing evolution for
thermoplastics and thermosets materials.
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Chapter 5

Synchrotron Radiation Computed
Tomography Analysis

In recent years, there has been significant growth in the availability of powerful imaging
tools such as digital image correlation, thermography, radiography and computed tomog-
raphy, which can provide detailed information of material morphology and elucidate on
damage formation and propagation. In the context of the study of failure mechanisms in
composite materials, digital image correlation, which allows real-time visualization of dam-
age on the specimen surface, has been the most commonly used. However, this technique
only provides surface information and, due to the complexity of the failure mechanisms
of composite materials may not fully elucidate on the internal behaviour of the mate-
rial. Therefore, more recently, three-dimensional (3D) observations based on computed
tomography have been used to better under- stand the failure mechanisms in composite
materials. Of these methods, synchrotron radiation computer tomography stands out as
the most informative CT method given that it uses synchrotron radiation as the X-ray
source, allowing for higher resolution and 100x faster scan times compared to traditional
laboratory computed tomography techniques [51, 52]. This allows, not only the 3D visual-
ization of damage profiles for a single load, but opens the possibility of analysing damage
evolution as a function of the applied load. These tests are called [56], 57] Synchrotron

Radiation Computed Tomography Analysis.

In this chapter, the study of the ply thickness effect on the initiation and propagation
of transverse cracking in thermoplastic A material is studied in more detail, through the
analysis of in-situ double-edge notched tensile tests imaged using synchrotron radiation
computed tomography (SRCT). The details of the study are reported hereafter.

5.1 In-Situ DENT Testing via SRCT

In-situ synchrotron radiation computer tomography testing consists on performing com-
puted tomography imaging while a sample is being loaded in a synchrotron radiation fa-
cility. This implies, the use of a testing machine that can be mounted on a rotating stage
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5.1. In-Situ DENT Testing via SRCT

and load a sample to different load percentages, allowing imaging of the sample at that
load level. Generally, these tests are done as follows:

e A sample is loaded in the testing machine and loaded to 5N (so that it does not
move) and the interest zone is located and scanned using SRCT.

e Then, the sample is loaded to a given load, and scanned again in the interest zone.

e The process is repeated until the sample brakes, allowing the visualization of crack
formation and propagation as a function of the load.

Here, the technique was used to investigate the onset and propagation of matrix cracks
in 90° plies as a function of the ply thickness for Thermoplastic A, whose mechanical prop-
erties were shown and discussed in Chapter 3] Tasks 5.1.1, 5.1.2 and 5.1.3 were performed
by colleagues of the group, but are summarized here for the sake of completeness. This
thesis contribution lies in the image analysis reported in section 5.2.

5.1.1 Sample Preparation

For this analysis cross-ply laminates with the three previously analysed stack sequences,
Q3 - [02/901/02], Q4 - [02/902/02] and Q5 - [02/904/02], were considered. Specimens
with 4 mm wide, 100 mm long double-edge notched tension (DENT) with two 1.25 mm
radius edge notches centred lengthwise were used. This specimen geometry was chosen to
ensure: an ultimate load lower than 5kN (maximum load of the testing machine) and that
the damage would be localized in a known area (the notches) for imaging purposes. The
samples were cut from the plates using CNC machine.

Given the configuration of the testing machine grips to be used in the SRCT facility, the
samples were tabbed using T-shaped steel tabs. To guarantee the alignment and quicken
the tabbing process, a tabbing rig shown in Figure was used. The tabbing process
can be divided into the following steps:

e Preparation of the bonding surface of the specimen using sandpaper to improve the
adhesion of the adhesive to the tabs and the specimen.

e Preparation of the tabbing rig starting with the application of release agent on the
alignment pins and on the bolts of the alignment rig and doing the placement of two
layers of Teflon on the tab plates, to guarantee the correct demolding.

e Preparation of the adhesive and application of the same on the polished surface of
the specimens.

e Proper positioning of the previously cut metallic tab plates and the specimens be-
tween two metal support plates to finish the assembly of the mould.

e The adhesive was cured with a 24 hour cycle at room temperature followed by 1
hour in an oven at 80°C. After the cure, the tabbed specimens were cut from the
support plates.
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(b)

Figure 5.1: a) Specimens and the tab support plates positioning in the tabbing rig; b) Specimen
prepared.

5.1.2 FEx-situ Tests

First, to establish the load steps of interest to be analyzed using SRCT, the samples were
tested ex-situ. The samples were tested in an Instron 5900R Universal Testing Machine
using a 200 kN load cell, and a camera was used to analyze the surface edge of the sample
and detect crack formation as explained in Chapter These preliminary tests allowed
the determination of the failure load of the 3 configurations. By making use of the load
and geometry, the ultimate strength (Table and strain were determined.

Table 5.1: Tensile Strength results for the four configuration [02/90,,/02] of Thermoplastic A
Laminate N© of Samples Tested Maximum Load [N] Tensile Strength X% [MPa]

Q3 2 1823.00 + 96.22 579.73 £ 12.72
Q4 3 2098.33 £ 75.93 602.98 + 13.74
Q5 2 1763.00 + 61.00 411.24 £ 15.03

Through the tensile tests previously performed the maximum force value was estab-
lished as 2098 N. From these values a maximum value of the stress in the 0° plies was
obtained (by dividing the load by the width and thickness of the 0° plies) and of the ulti-
mate strain (dividing by the Young’s modulus of the 0° ply). This strain value of 0.66 %
was used as a reference for all configurations in the in-situ tests and used to define similar
stopping points in each of the tests.

5.1.3 In situ Tests

The in-situ DENT tests were carried out in 47X U beamline at the Super Photon ring-8
GeV (SPring-8), located in Hyogo, Japan. The setup of the experimental tests is shown in
Figure One sample per configuration was tested under displacement control at a rate
of 0.3 mm/min, and scanned at 6 strain levels: 0% (before loading), 0.2%, 0.3%, 0.4% and
0.5 % of strain, which were established based on ez-situ tests. The load corresponding to
each strain was computed for each sample. The samples were loaded, and when reached
the intended value, were unloaded to 90% of that load before scanning to speed up the
stress relaxation process.
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At each strain level, three scans per sample in three adjacent locations near one of the
notches were made: P1, P2 and P3. To perform a scan, the sample is rotated 180°, it
is stopped 1800 times during that period (1800 projections) and a 2D X-ray is taken (28
KeV X-ray energy, 80 ms exposure, 0.5 pm isotropic voxel size). After all the scans are
taken, the 3D image is reconstructed, resulting in a volume composed of a sequence of 2D
slices. The detector size was 2048x2048 pixels, resulting in a scan field of view of 1.024 x
1.024 mm?.

Testing Machine ==

Rotating Stage

Figure 5.2: Experimental Test Setup for in-situ DENT tests.

5.2 Image Process and Segmentation

Data analysis was performed using the Fiji ImageJ program. The analysis required for

each sample and load step:

e Volume rotation: The obtained data is composed of a stack of 2D images, where the
stack direction is the loading (0°) direction. This means that the motive of interest,
the cracks in the 90° plies along the length of the sample are not visible in the
original images. For this reason, the first step consisted of rotating the image stacks
of each scan to the layer orientation at 90°, using the reslice stack tool of ImagelJ
(Figure [5.3b)).

e Stitching of the 3 adjacent scans: To obtain the full scan visualisation the 3 capture
adjacent scans were combined into one volume as shown in figure For this step,
the combine stacks tool was used, after cropping the overlapped image section.

e Cropping: Given the focus in the region of the layers at 90° the images were cropped
by the region of interest, removing the scanned air and 0° plies (highlighted in the

yellow box of the figure [5.3c)).
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1

(a) Representation of the visualization section divided into the
three scanning segments.

SS

Scanning
Direction

Analysis

Direction

(b) Representation of the Reslice of the stack volume.

(¢) Combination of the three segments of the scan after volume rotation with the
crop region highlighted in yellow.
Figure 5.3: Post-processing used to define the damaged volume.
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Following these 3 steps, the volumes were ready to be segmented. The image segmen-

tation was performed using:

e Image adjustment: Using the automatic adjustment tool, the brightness and contrast
of the image stack were adjusted, allowing for the differentiation between the different
constituents (matrix, fibres, and blanks corresponding to the absence of material or
cracks). To reduce image noise and fine details, a Gaussian blur filter was applied,
which resulted in the blending of the boundaries between the matrix and the fibres.

e Image conversion: The image is converted using a binary mask to separate the
regions of interest (ROI). For this step, the maximum entropy threshold was chosen

(Figure [5.4b]).

With the stack converted into a binary mask, the reconstruction of the damaged volume
was performed using the 3D viewer window from the software. It should be noted that

the method used for this analysis does not present the greatest accuracy, since it is an

automatic method without an appropriate adjustment to the intended demand.

(b) Image after removing outliers and apply the Binary Mask.
Figure 5.4: Post-processing used to define the damaged volume.

Figure 5.5: Representation of the DENT specimen with a region of interest observed during the
in situ SRCT, light pink, and the analysed region, dark pink.
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The in-situ mechanical tests were realized for one specimen of each of the configurations
under study. With the images captured for each load step, the damage state volumes were
defined focusing the analysis on one side of the specimen in the beforementioned area. To
facilitate the reconstruction of the damaged volume, the area of analysis that encompassed
the notch was disregarded, decreasing the volume of analysis for the remaining internal
section of the specimen. As previously mentioned, the tomograms obtained in the tests
are oriented perpendicularly to the 0° layers. As the objective is to analyse the damage in
the transversal matrix, the segmentation for a perpendicular plane to the 90° layers was
performed. The volume and the views used for the analysis are shown in the scheme in

figure
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5.3 Analysis

The data obtained in the double-edge notched tension tests via the synchrotron radia-
tion computed tomography for load steps for strain percentages of 0, 0.2, 0.3, 0.4 and 0.5
are presented in this section for laminates with one, two and four transversal plies of the
thermoplastic A. These results were obtained with the aim to analyse the damage caused
by matrix cracks in the transverse layers of thermoplastic-based composite through a 3D
analysis.

The damage state at each loading step was quantified by calculating the surface area
of the matrix damage in each image, and consequently calculating the volume associated
with that area. In order to simplify the analysis, the damage volume was quantified as
a percentage of damage, by considering the fractured volume as a function of the total

volume analysed.

In figures to it is shown the top (the view I represented in figure and front
view (the view II represented in ﬁgure of the damage volumes for each load step in the
different specimens analysed. The volume corresponding to the transverse cracks formed
is shown in red for the Q3 configuration, in light blue for the Q4 configuration and in dark

blue for the Q5 configuration.

(a) Captured image for an unload specimen Q3.

(b) Captured image for an unload specimen Q4.

(c) Captured image for an unload specimen Q5.

Figure 5.6: Captured images of the inner region of the specimen after the notch.

In the first step, in the unloaded specimen, it is possible to see some percentage of
damage for the laminates Q3 and Q5, that can be justified by the post-processing methods
used or by the existence of manufacturing defects. By examining the region after the notch
in the three configurations (Figure , some damage is observed in the central zone of
the Q3 and Q5 laminates (highlighted in figures and . The presence of these
premature cracks may be attributed to the induction of high-stress gradients caused by
the notched edge. Additionally, a smaller second crack can be observed in the Q3 laminate

(Figure [5.6a)).
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Figure 5.7: Representation of the damaged volume in the material Q3: a) 0% strain, b) 0.3%
strain, c¢) 0.4% strain, and d) 0.5% for the view I.

Through the analysis of the volume sequence represented in figures and [5.8] one can
verify the appearance of randomly distributed cracks that present a more uniform config-
uration with the increase of the load percentage. It is observed the formation of cracks
with different crack opening displacements. The growth of the cracks occurs essentially
from the edge of the specimen towards the centre, wherefore it is not possible to consider
the damage constant along the width of the specimen during the propagation phase. The
crack propagation across the transversal thickness height occurs at a lower rate. Observing
the damaged volume for damage near the ultimate fracture, image d), it is observed that
only two cracks exhibit the height of the transverse layer. For higher strain values it is

possible to observe the formation of tiny oblique cracks.
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Figure 5.8: Representation of the damaged volume in the material Q3: a
strain, c¢) 0.4% strain, and d) 0.5% for the view II.
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Figure 5.9: Representation of the damaged volume in the material Q4: a) 0% strain, b) 0.3%
strain, ¢) 0.4% strain, and d) 0.5% for the view 1.

Relatively to the volumes defined for the specimen of intermediate thickness (Figures
and , a random distribution in the formation of cracks and a smaller number
of cracks are verified. Despite the smaller number of cracks created, it can be verified
the existence of a larger damaged volume due to the large dimensions of the cracks. The
cracks formed present a vertical orientation and mostly penetrated all the thickness height,
contrary to what was observed for the laminate with the thinner transversal layer.
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Figure 5.10: Representation of the damaged volume in the material Q4: a) 0% strain, b) 0.3%
strain, ¢) 0.4% strain, and d) 0.5% for the view II.

: i
N p
t i, o
= 1
4 !
5
+ i .

Figure 5.11: Representation of the damaged volume in the material Q5: a) 0% strain, b) 0.3%
strain, ¢) 0.4% strain, and d) 0.5% for the view I.
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For the thicker laminate (Figures and , it can be seen that the cracks prop-
agate instantly in relation to the specimen width and throughout the entire height of the
transversal ply thickness. It is possible to observe a larger damaged volume, distributed
throughout the volume under analysis by a low number of cracks with high crack opening

displacement.
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Figure 5.12: Representation of the damaged volume in the material Q5: a) 0% strain, b) 0.3%
strain, ¢) 0.4% strain, and d) 0.5% for the view II.

By measuring the damaged volume evolution for each load step it was possible to build
the following graph (Figure . In this way, it is possible to compare the evolution
observed for the different configurations, establishing a relation between the damaged
volume and the transverse ply thickness for this thermoplastic material.

From the results above it can be concluded that with the increase of the transversal
ply thickness, there is a faster propagation of cracks from the edge to the interior of the
specimen, as well as a faster crack propagation through the ply thickness, similar to what
was observed by Matthieu Nicol [58].
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Figure 5.13: Damaged Volume as a function of % Strain for different transverse ply thickness.

Observing the plots produced, it can be established a correlation between the onset of
damage and the thickness of the transverse plies. As the ply thickness increases it is verified
a higher percentage of damaged volume. During the initial loading phase (up to load
correspondent to 0.3 of strain) the damage growth rate is relatively slow in comparison to
the following loading phases. For the loading step closest to the final failure, the percentage
of damaged volume is approximately 1.1 % for the laminate with four transversal plies,
0.65 % for the laminate with two transversal plies and 0.40 % for the laminate with only
one transversal ply.

The results obtained for the thermoplastic laminate A in chapter[4]for a two-dimensional
edge analysis, do not allow for a representative comparison when comparing the SRCT
analysis given the limited and inconsistent data obtained. However, given the similar
behaviour of the damage evolution at the edge of the specimens between the studied ma-
terials, it is possible to verify a distinct difference regarding the damage evolution observed
for volumetric analysis. Having in mind the sudden growth of crack density observed in the
previous chapter, the damage growth observed in the volumetric analysis is much slower
in an initial phase and later presents an exponential behaviour until fracture.

In comparison with the results of the edge measurements in the previous chapter, this
different behaviour affirms the overestimation of the damage state present in the material
due to the high damage identified at the edge of the specimens, which for some observed
damage corresponds only to a non-passing crack. This behaviour is more pronounced for
the thinner laminates, however, with the increase in the thickness of the transverse layer,
the existence of non-passing cracks across the whole width is still observed.
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Chapter 6

Conclusions and Future Work

6.1

Conclusion

The main objective of the presented work was to investigate the ply thickness effects

on the initiation and propagation of transverse cracking in thermoplastic and thermoset-

based composites. To analyze this phenomenon, tension tests were conducted on four

different materials, including thermoplastics and two thermosets, for different transverse

ply thickness laminates, with in-situ capturing of the specimen’s edge.

The conducted tests were divided into two methods: continuous tests, which aimed

to determine the corresponding tensile strength for each material and interrupted tests,

which allowed a clear detection of damage during the loading process.

Comparation between different laminate configurations of the same mate-

rial:

With the decrease of transverse ply thickness there is an increase of the strength of

the onset transversal cracking.

The evolution of transverse cracking exhibits rapid growth after crack initiation,
followed by a decrease in the rate of growth stagnating until the final failure.

In the finest configurations, it was not possible to see the cracks, as the size of the
ply and the resolution of the camera were not adequate.

Crack spacing decrease until achieving a constant average spacing value. The distri-
bution starts randomly and tends to be a uniform distribution.

Thermoplastic and thermoset-based composites

In the results concerning the studied thermoplastics, it was not possible to obtain

extensive information that would allow for a valid analysis. However, by comparing the

obtained results from the conducted tests, some aspects between the two materials could

be distinguished.
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By directly comparing thermoset A and B with thermoplastic A, as the cross-ply lam-
inates had the same number of longitudinal plies, a higher stiffness was observed in the
thermoplastic matrix specimens. This increased stiffness resulted in a less pronounced
effect of ply thickness on the ultimate tensile strength and a slower propagation of dam-

age.
Effect of manufacture defects

The effect of manufacturing defects, such as a high content of voids or fibre waviness,
was observed and compromised the obtained results for the materials in question. In the
analysis of the results for thermoset B, premature delamination was observed, limiting
the maximum strength of the material due to the presence of voids near the interfaces
between different plies. Regarding the results obtained for the thicker configuration of
thermoplastic A, consistency could not be verified due to the presence of in-plane fibre

waviness in different sections of the analyzed specimens.
Synchrotron Radiation Computed Tomography Analysis

A second study was conducted through the analysis of images obtained from Syn-
chrotron Radiation Computed Tomography tensile tests for thermoplastic material A. In

this study, the captured test results were processed and analyzed.

By reconstructing the scanned volumes for different load steps, it was possible to observe
the damage related to the propagation of transverse cracks through the thickness and

interior of the specimen, leading to the following conclusions:
e The percentage of damage increases with the increase of transverse ply thickness.

e The propagation of damage occurs through a larger number of smaller-sized cracks
for thinner laminates, and through larger-sized and higher opening displacement

cracks for thicker laminates.

e The propagation of damage from the edge of the specimen to its interior exhibits
greater resistance for thinner laminates, with a higher percentage of damage observed
near the edge. This resistance is minimized with the increase of the transverse ply

thickness of the specimen.
Crack Density from edge observation length and from analysis volume

Given the incomplete observation the crack propagation developed at the edge of the
specimen through its interior is not observed, the crack density obtained from an analysis
based on the edge observation can be considered overestimated, leading to an incorrect
assessment of the damage present in the studied material. Therefore, for a more compre-
hensive analysis, the use of methods such as computed tomography or other more extensive
visualization techniques becomes more relevant, as they allow obtaining information about

the complete volume under study.
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6.2 Future Work

Although this thesis provides a robust study on the ply thickness effect on the initiation
and propagation of transverse cracking for thermoplastic and thermoset-based composites,
there are still issues that should be taken into account for further research. The results
obtained for the thermoplastic materials studied did not lead to clear conclusions, so
conducting further experimental tests using another imaging detection method would be
interesting. In addition to the study conducted for thermoplastic A using Synchrotron
Radiation Computed Tomography, performing the same study for a thermoset material
would facilitate a comparison between the behaviour of different types of polymer matrix
and provide insight into the internal behaviour of both materials.

Interrupted tests at 30 %, 60% and 85 % of failure loads were also carried out on one
specimen for each configuration. p-CT scans were taken at the u-VIS X-ray Imaging Cen-
tre at the University of Southampton to investigate the preliminary damage mechanisms
that occur prior to ultimate failure, to achieve a higher resolution visualisation achieving
a better understanding of the formation of the crack in the matrix. The results of this
analysis are not yet available and, therefore, were not presented in this report.
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